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ABSTRACT 
 
Interaction of Ions with Two-Dimensional Transition Metal Carbide (MXene) Films 
Chang (Evelyn) Ren 
Advisor: Yury Gogotsi, Ph.D. 
 
Nowadays, society is relying more on nanotechnology for solving critical issues, such as the 
increasing demand for clean energy and freshwater. Among nanotechnologies, two-dimensional 
(2D) materials with unique properties are investigated with elevated expectations. In 2011, a new 
family of 2D materials MXenes were discovered, which became an important addition to the 2D 
word. The general formula of MXene is Mn+1XnTx, where M stands for transition metal atom, X is 
C and/or N, n = 1, 2 or 3, and Tx represents surface groups. Nanosheets of MXene obtained by 
delamination can form flexible films. Additionally, ions can intercalate MXene layers, suggesting 
potential applications in energy storage and water purification. 
The Ti3C2Tx MXene films of various thicknesses, which have orderly stacked 2D structure, high 
density and flexibility, and metallic electrical conductivity of ~ 2400 to 5690 S/cm were 
fabricated by vacuum-assisted filtration. Ti3C2Tx surface was negatively charged and hydrophilic. 
Additionally, Ti3C2Tx films showed sufficient mechanical strength for handling, and the tensile 
strength of a Ti3C2Tx film was comparable to GO membranes. Metal cations intercalated between 
the MXene layers, and led to intercalation capacitance. Binder-free Ti3C2Tx films showed 
volumetric capacitance of 350 to over 1000 F/cm3 in aqueous electrochemical capacitors (ECs), 
depending on the electrolyte, and the size of Ti3C2Tx nanosheets. Smaller flakes were obtained by 
xxiii 
 
increasing time of ultrasonic treatment. They had a lower electrical conductivity, but a higher 
capacitance. By introducing polymer nanofillers, such as poly(vinyl alcohol) (PVA) between 
MXene nanosheets, composite films were prepared and showed controllable electrical 
conductivity, increased interlayer spacing, improved mechanical strength and capacitive 
performance. By introducing carbon nanomaterials between MXene layers or creating mesopores 
on MXene, the films were made more accessible to intercalation and transport of ions, which 
enhanced the ion storage capabilities. 
After cation intercalation, size occupation of ions caused the expansion of MXene interlayer, 
while electrostatic attraction between negative MXene and cations caused contraction. Due to the 
narrow 2D nanochannels between MXene layers, the Ti3C2Tx membranes showed high selectivity 
towards metal cations and dye cations of different sizes and charges, as ion separation membranes. 
Additionally, MXene membranes with abundant water between layers showed fast water flux. By 
applying positive voltage on the Ti3C2Tx membranes, the salt (NaCl and MgSO4) permeation was 
accelerated, while negative voltage decelerated the permeation. In addition, Ti3C2Tx MXene 
membranes as thin as 100 nm showed high rejection (over 98 %) of methylene blue dye 
molecules, with fast water flow through the membranes.  
Completion of this work opened several paths to modify and enhance the MXene films’ 
properties, and shed light on the ions’ interaction with MXenes for related applications with 
voltage applied or not. 
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CHAPTER 1: BACKGROUND AND LITERATURE SURVEY 
 
 
1.1 General introduction 
Not long ago nanotechnology was an abstruse topic; now it is a flourishing engineering technique 
that almost everybody carries with cell phones or other portable electronic devices. The society is 
relying more than ever on the nanotechnology for solving world-class issues, such as the 
increasing demand for clean energy and freshwater. In the nanotechnology world, 2D materials 
have contributed a lot to improve the performance of energy storage devices1, electronic devices2, 
biosensors3, and water purification membranes4, among others. Compared to the corresponding 
bulk materials, 2D layers exhibit higher specific surface areas (SSAs) and unique electronic, 
mechanical, optical and magnetic properties. Additionally, unlike the corresponding bulk material, 
the free single- or few-layered 2D nanosheets are ready to be processed and composited with 
fillers, which provide numerous possibilities to improve their structures and properties in 
applications. 
Since the rise of graphene in 2004, when Geim and Novosolov showed the thinnest electronic 
device from exfoliating graphene with adhesive tape5, 2D materials family have been expanding 
prosperously. Beyond graphene and graphene oxide (GO)6, other 2D materials include transition 
metal dichalcogenides (TMDs, typically MoS2 and WS2)7, hexagonal boron nitride (h-BN)8, 
transition metal oxides and hydroxides (TMOs, e.g. MoO3)9, 10, silicene11, and phosphorene12. All 
these 2D materials have demonstrated unique mechanical, thermal, optical, electrical, and 
chemical properties13, 14.  
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Through different fabrication methods such as VAF and solvent casting, 2D materials 
films/papers /membranes are facile to be prepared.15 The 2D films could accommodate various 
ions between their layers, which enabled them to store energy and be used as electrodes in 
batteries and ECs. 2D films can be used as separation membranes for water purification, which is 
another promising application. GO membranes are selective permeable to inorganic and organic 
ions with characteristic hydration radii at 4.5 Å4, while intact graphene membranes are highly 
impermeable16. To improve the structure and properties of 2D films, the 2D flakes can be 
composited with nanofillers or etched with nanopores. Both methods can endow 2D films higher 
SSA and better accessibility to environment, which enables faster water flux and improved 
electrochemical performance1.  
In summary, the 2D films have unique properties and performance to be explored, and based on 
the traditional materials science tetrahedron, controlling the structure of the 2D layers can 
introduce further improvements. The world of 2D materials films is huge and their improvement 
is yet to be explored. 
1.2 Two-dimensional materials 
1.2.1 Graphene and Beyond 
Morphology and properties of Graphene based films. Ever since their appearance, graphene 
and GO have attracted numerous attentions because of their unique physical properties. Graphene 
is the 2D building block for three carbon allotropes, which can be wrapped into 0D fullerenes, 
rolled into 1D nanotubes, or stacked into 3D graphite. It has electrical conductivity comparable to 
metal, high thermal conductivity, elastic modulus similar as nanotubes, and highest yield strength 
of all materials. Additionally, it has good chemical stability and can be easily functionalized to 
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form GO. GO and graphene films can be either supported on substrates or freestanding and 
flexible like foils. Besides solvent-casting17 and epitaxial growth on substrates18, large quantities 
of graphene or GO films are yielded by VAF with controllable thickness ranging from 1 to 30μm. 
The films have a 2D layered structure in which individual GO sheets are interlocked together by 
functional groups and stacked in a near-parallel order as shown in Figure 2A. This film/paper is 
more resilient and mechanically stronger than traditional carbon- and clay-based papers6. This is 
due to the stronger interaction bonds between GO sheets, and their wrinkled morphology at 
nanoscale which allows for more homogenous load distribution across the entire film. The above 
properties make graphene and GO films an exciting material in many applications.  
2D materials beyond graphene 
Graphene raises research heats on 2D materials family. Since 2004, different 2D compound 
materials such as MoS2, WS2, and BN were efficiently dispersed in common solvents and 
deposited as individual flakes or formed into films. Transmission electron microscopy (TEM) 
clearly demonstrated that the bulk materials were exfoliated into individual layers (Figure 1A-C). 
19 
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Figure 1 A-C, Low resolution TEM images of flakes of BN, MoS2, and WS2, respectively. D, 
Photograph of 2D freestanding films of BN, MoS2, and WS2 (thickness ~ 50 μm). Adapted from 
Ref 19. 
 
 
1.2.2 Processing of 2D nanosheets 
The 2D films greatly enhanced the materials’ accessibility to environment, which enabled their 
impressive performance in energy storage and ion absorption. However, the orderly stacked 
architecture of the 2D films still limits their accessibility to electrolyte ions, hindering the full 
utilization of their surfaces. Several strategies could be used to open up the stacking of the layers 
and tune the films’ properties, as it will be discussed in the following.  
2D-material-based nanocomposites. By blending the suspensions of the flakes with suspensions 
of other nanomaterials or polymer, hybrid composite films could be synthesized via VAF or 
casting, which enabled wide applications of 2D composite films.19 For GO/polymer 
nanocomposites, all components (nanofiller and polymer) are pre-mixed prior to assembly under 
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a flow, making it compatible with either hydrophilic PVA or hydrophobic poly(methyl 
methacrylate) (PMMA) for the preparation of composites with over 50 wt.% filler. Because of the 
abundant functional groups on both GO and polymer, the assembling components formed strong 
bonds with each other. 
 
 
Figure 2 Cross-sectional SEM images of A, a GO film, B, a nanocomposite GO/PVA film, 
demonstrating increased thickness due to intercalation of PVA. C, Top view SEM image of a 
WS2/carbon nanotubes nanocomposite film. Adapted from Ref 15, 20. 
 
 
The nanosheets within the VAF-assembled composites exhibit a high degree of ordering with 
tunable interlayer spacing, depending on the polymer or carbon nanomaterials content. When 
water was used as a solvent for the GO/PVA mixture, the prepared nanocomposite film exhibits 
greatly improved modulus values compared to that of either pure PVA or pure GO films.15 In 
addition, WS2 nanosheets were mixed carbon nanotubes (CNTs) homogenously, and the 
thermoelectric properties were improved.20 The structure, conductivity, modulus, and strength of 
the nanocomposites can be tuned by the interaction of intercalating species with 2D materials 
matrix. 
C 
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Activated graphene as electrode materials in supercapacitors 
Introduction of pores into graphene architectures is considered another effective strategy to 
overcome the tendency of graphene flakes to restack and improve the accessibility of ions and 
molecules. This results in further increase of its surface area and perforemance in applications 
like energy conversion and storage, catalysis, environmental protection, biology, and medicine, 
when access/sorption of ions or gas molecules are required. 21-27 
For instance, KOH activated reduced GO, resulted in micro-porous graphene with SSA of up to 
3100 m2/g that was even larger than the theoretical value (2630 m2/g) of single-layer graphene 
sheets.1 Supercapacitors using this activated graphene exhibited significant energy and power 
density improvements.1, 28, 29 Other than this, several research groups used a template method and 
fabricated un-stacked, double-layered graphene with well-designed mesoporous structures 
between the graphene layers, which increased their SSA and electrical conductivities. The 
resulting materials in turn performed quite well as electrodes for Li-S batteries, supercapacitors, 
and electrocatalysts for oxygen reduction reaction.30-33 Considering these benefits, introducing 
porous structure into 2D materials has emerged as a promising and efficient method to enhance 
their performance in energy related applications and beyond. 
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Figure 3 A, Low and B, high magnification SEM image of activated graphene piece. 
Supercapacitor performance of the activated graphene. C, Cyclic voltammetry (CV) profiles at 
different scan rates. Rectangular shapes indicate the capacitive behavior. D Galvanostatic 
charge/discharge curves of the activated graphene supercapacitor under different constant 
currents. Adapted from Ref 1.  
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1.3 MXenes: new 2D transition metal carbides and/or nitrides 
1.3.1 MXenes structures 
MXenes are a large family of 2D materials, which are layered, hexagonal, early transition-metal 
carbides and/or nitrides. The MXenes were first synthesized in 2011 from layered MAX phases34-
36. MAX phases have a general formula of Mn+1AXn34, 37 (n=1, 2, 3), where M represents one or 
more early transition metal elements, A usually represents a III A or IV A element (such as Al 
and Si), and X represents either C and/or N (Figure 4). In the MAX structure, X atoms fill the 
octahedral sites between M layers, and M and X layers together are sandwiched by pure A layers 
(Figure 5). This kind of layered structure enabled the etching of MAX phases into MXenes by 
removing the A-element layers. For various n values, the number of M layers and X layers is 
different: in the M2AX, there are two M layers separating one X layer, three separating two for 
M3AX2, and four separating three for M4AX3. Currently, MAX phases have over 70 members and 
it is expanding with new ones being discovered. 
 
Figure 4 List of known elements of the periodic table that form MAX phases (adapted from Ref 
37). 
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The M–A bond is metallic, so it was not possible to separate the Mn+1Xn layers from the A-
element layers by mechanical shearing the MAX phases. However, the metallic M–A bond is 
more chemically active than the covalent M–X bond, and thus selective etching of the A layers is 
possible. Fluoride-containing acidic solutions were used to selectively etch the A layers from 
MAX phases to synthesize MXenes, either by using aqueous hydrofluoric acid (HF)38 or by in 
situ formation of HF through the mixing of hydrochloric acid (HCl) and fluoride salt (for example, 
lithium fluoride (LiF))39. Ammonium hydrogen bifluoride (NH4HF2) and ammonium fluoride 
have also successfully etched the A layers and synthesized Ti3C240, 41. Only Al has been 
successfully etched to form MXene, among more than 10 different A elements of group III A or 
IV A. By further processing step of sonication in aqueous or non-aqueous solution, MXene can 
be delaminated into few- or even single- layered flakes42. In the following, “d-” implies that 
MXene is delaminated. 
The general formula of MXenes is Mn+1XnTx (n = 1,2 or 3), where similar to its precursor, M 
represents one or more transition metal elements, X represents carbon and/or nitrogen. In 
MXenes, n+1 layers of M cover n layers of X in an [MX]nM arrangement. Because MXenes were 
synthesized from acidic and fluoride-containing environment, their surfaces were terminated with 
abundant functional groups (for example, hydroxyl, oxygen or fluorine), thus Tx was used to 
show the surface terminations38 in the formula. Sometimes Tx is not included in MXene formula 
for brevity. In MXenes, n+1 layers of M cover n layers of X in an [MX]nM arrangement. 
Structures of M2X, M3X2 and M4X3 are shown in Figure 6. Ti3C2Tx was the first MXene reported 
in 2011, and 19 MXene compositions have been synthesized since then, including Ti3C2, Ti2C, 
V2C, Nb2C, Mo2C, Hf2C, Zr3C2, Nb4C3, Ta4C3, Ti3CN, Ti4N3, (Ti0.5Nb0.5)2C, (Ti0.5V0.5)2C, 
(V0.5Cr0.5)3C2, (Ti0.5V0.5)3C2, (V0.5Nb0.5)4C3, Mo2TiC2 and Cr2TiC2, Mo2Ti2C3), with dozens more 
predicted to exist. Among them, it is worth mentioning the MXenes with more than one M 
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element have two forms: solid solutions (for example, (Ti0.5V0.5)2C) and ordered phases (for 
example, Mo2TiC2).  
 
 
Figure 5 Atomic structure of 211, 312 and 413 MAX phases, with emphasis on the the MX6 
octahedrons (adapted Ref from 37). 
 
 
After acid-etching, multilayered (ML-) MXenes structures were obtained as shown in Figure 7, 
which resembled those of exfoliated graphite. Because Ti3C2Tx is the most studied MXene so far, 
my Ph.D. thesis will focus on Ti3C2Tx for systematic study and horizontal comparison. MXene 
may imply either this transition metal carbide family or Ti3C2Tx, based on the paragraph. 
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Figure 6 Schematics of MXenes in different formulas: M2X, M3X2 and M4X3, and different forms: 
mono-M elements, a solid solution of at least two different M elements, or ordered double-M 
elements. NA: not available. Adapted from Ref 43. 
 
 
 
Figure 7 SEM images for (a) Ti3AlC2 particles before treatment, and ML-particles of (b) Ti3C2, (c) 
Ti2C, (d) Ta4C3, (e) TiNbC and (f) Ti3CN after HF treatment (adapted from Ref 44). 
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1.3.2 MXenes’ unique combination of properties 
Ever since MXenes’ appearance, they have attracted a lot of attention because of their unique 
combination of properties. Ab initio simulations predict elastic moduli along the basal plane for 
various MXenes to be over 500 GPa45, suggesting that they are mechanically strong and could be 
useful reinforcements for composites. The ML-Ti3C2Tx powder was cold pressed into 
freestanding discs with 300 µm thickness and 25 mm diameter, which showed electrical 
conductivity of 200 S/m44. In addition, because of their synthesis process in fluoride containing 
acidic environment, MXenes surfaces are covered with functional groups, which makes them 
hydrophilic and cooperative with other materials. In short, MXenes have the conductive core of 
metal carbides and the reactive surfaces of metal oxides, which can be seen as conductive clay or 
hydrophilic graphene. This combination of properties is not offered by other materials: there are 
several hydrophilic 2D materials, yet insulating, such as clays46-49, layered double hydroxides50, 51 
or GO20, 52, 53. Meanwhile, conductive 2D material such as graphene is not hydrophilic54. 
Therefore, MXenes unique combination of properties make them promising 2D materials, for 
applications like energy storage, polymer composites and water desalination. 
1.3.3 Ion intercalation into MXenes 
It was demonstrated by Olha Mashtalir et al. that organic and inorganic molecules can intercalate 
into the interlayer of MXenes42, as shown in the schematic in Figure 8. The intercalated 
molecules would occupy the space between MXene layers, and as a result the interlayer spacing 
would increase which was evidenced by the shift of the (000l) peaks to lower angles in X-ray 
diffraction (XRD) patterns as shown in Figure 8. The c-lattice parameters (c-LPs) values included 
the thickness of two Ti3C2Tx layers plus two effective interlayer spacings. In the following 
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paragraphs, interlayer spacing refers to the c-LP calculated from the (0002) peak position, if not 
mentioned specifically, and effective interlayer spacing refers to the open space between MXene 
layers. The c-LPs of Ti3C2Tx increased from 19.5 to 25.5 Å, after exposed to hydrazine 
monohydrate (HM) at 80 C for 24 h. Then the HM-intercalated Ti3C2Tx were heated to 120 C in 
a vacuum oven, and the c-LP decreased to 20.6±0.3 Å, implying that the intercalation process 
was reversible. The intercalation is a general phenomenon for 2D materials rather than an 
exclusive property of Ti3C2Tx, and other MXenes such as Ti3CN and Ti2C also showed similar 
increase of c-LPs after intercalated with HM. 
 
Figure 8 Schematic of the synthesis and intercalation of Ti3C2Tx. First, the Al layer is removed 
from the corresponding MAX phase in aqueous HF. Then the MXene is treated with an 
intercalant (urea is shown as an example) and yielded intercalation compounds. (b) XRD patterns 
of Ti3C2Tx: (i) original, before any treatment, (ii) after HM in N,N-Dimethylformamide (DMF) 
treatment, washed with DMF, (iii) after HM treatment, washed with ethanol and dried in different 
conditions. (c) Zoom-ins of b showing (0002) peaks. Adapted from Ref 42. 
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Other than HM, other organic molecules like urea and dimethyl sulfoxide (DMSO) also 
intercalated into MXene. After the intercalation of DMSO, the c-LP increased by over 15 Å, 
which greatly weakened the hydrogen bonds and/or Van der Waal's bonds between Ti3C2Tx layers. 
Then by simple step of bath sonication, single- or few- layered Ti3C2Tx nanosheets/flakes can be 
obtained. Inorganic molecules (metal cations and water) could also intercalate into MXene 
automatically, leading to respective interlayer spacing increase.  
 
 
Figure 9 a) The chemical name, formula, and c-LP increase of intercalation molecules. b) Tyndall 
scattering effect in delaminated Ti3C2Tx (d-Ti3C2Tx) solution (b) Scanning electron microscope 
(SEM) image of d-Ti3C2Tx single flake on alumina filter. Adapted from Ref 42. 
 
 
Intercalation of inorganic metal ions and water also triggered a new method to etch and 
delaminate MXenes, which was discovered by Michael Ghidiu et al. Instead of HF, a mixture of a 
strong acid and a fluoride salt can be used to synthesize MXenes. HCl and LiF react to form HF 
in situ, which selectively etches the A atoms. Etching in the presence of a metal halide cations 
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leads to the intercalation of the cations (for example, Li+) and water during etching, which 
increased the spacing between MXene layers by 9.5 Å and thus weakened their interaction. After 
this, delaminated MXene flakes can be obtained by bath sonication for a much shorter time (15 
min to 1.5 h) compared to that of HF method (4-5 h). In short, MXene can be delaminated with 
no additional intercalation step after washing to achieve single- or few-layer flakes (for example, 
Ti3C2Tx), which is one of the advantages of this method over pure HF etching. 
To summarize this section, the feasibility to delaminate MXenes and their ability to accommodate 
ions implies that MXenes films are promising materials as electrodes for batteries and ECs. 
1.3.4 Structure control of MXenes 
Delamination enhanced the MXenes’ accessibility to environment, which enabled their 
impressive performance in energy storage.55 However, the orderly stacked architecture of the 2D 
films still limits their accessibility to electrolyte ions, hindering the full utilization of their 
surfaces. As explained earlier and similar to other 2D materials, several strategies could be used 
to open up the MXene layers and tune the films’ properties. 
The first strategy is to composite MXene with polymer or inorganic molecules to open the 
MXene structure, and combine the strength of the mixed components. MXene’s excellent 
intrinsic conductivity and mechanic strength, in combination with their reactive and hydrophilic 
surfaces, renders them attractive as a composite component with polymer or inorganic molecules. 
Furthermore, their atomic-scale thicknesses should, in principle, allow for the fabrication of 
nanocomposites with improved mechanical properties, which are conductive - a combination not 
offered by other hydrophilic additives with functionalized surfaces, such as clays 46-49, layered 
double hydroxides 50, 51 or GO 20, 52, 53, all of which are insulating. However, before the start of my 
Ph.D., there was no reports in the literature on MXene based composites.  
16 
 
Conductive polymer with positive charges can potentially interact with negatively charged 
MXene flakes. Dielectric polymer with functional groups on surface can also be mixed with 
MXene to form composites based on molecular or even hydrogen bonds. For inorganic spacers, 
CNTs, graphene, carbon onions and transition metal oxides are the materials to try, to check the 
interaction and potential synergic effect of the components. 
Another strategy to enhance the MXenes’ properties is to introduce pores in MXene flakes, like 
the activation of graphene. This strategy has the potential to improve electrolyte accessibility and 
the rate performance of MXene-based electrodes, thus overcoming the obstacle due to 
stacking/re-stacking of MXene flakes. 
This introduces the first objective of this thesis study, which is to improve the nanostructure of 
MXenes films, with the purpose of controlling the interlayer spacing, environment accessibility, 
and their performance in ion-intercalation-related applications. 
1.4 Energy storage research 
1.4.1 Li ion battery research status 
With the rapid development of the global population and economy and increasing environmental 
pollution, there is an urgent need for efficient, portable and green sources of energy storage. 
Batteries and ECs are the most effective and practical technologies for electrochemical energy 
storage. Among them, lithium-ion batteries (LIBs) are the most advanced electrochemical energy 
storage technology56, because of its low cost, high energy density (≈180 Wh kg−1) and long cycle 
life (~ 1,000 cycles). In LIBs, Li ions reversibly intercalate into cathode from anode during 
discharge, and deintercalate when charging. Graphite, silicon and LiCoO2 (LCO) are commonly 
used electrode materials, yet they suffer from irreversible capacity loss due to the formation of 
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solid electrolyte interphase (SEI) during cycling, which has limited energy and power densities. 
The main cathode alternatives include LiMn2O4 (LMO), LiNiMnCoO2 (NMC) and LiFePO4 
(LFP). LMO is safer and has higher power density than LCO but lower energy density and cycle 
life. NMC has high energy and power densities, however LFP is safer, has longer cycle life and 
possesses higher power density than all other Li-ion systems, but has lower voltage and higher 
self-discharge. Exfoliated 2D materials such as graphene and MoS2 showed promise as anode in 
LIBs with capacities of 540 mAh/g57 and ~500 mAh/g58 respectively, because of its capability for 
reversible Li ion intercalation in the layered crystals. Control of the interlayer distance through 
nanofillers such as CNT or polymer might enhance the storage capacity greatly. 
 
 
Figure 10 A schematic presentation of the most commonly used Li-ion battery based on graphite 
anodes and LiCoO2 cathodes at charge. Adapted from Ref 59. 
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1.4.2 Electrochemical capacitors research status 
In recent years, ECs (also known as ultracapacitors and supercapacitors) have also attracted 
significant attention, mainly due to their high power density, long lifecycle, which fill the 
power/energy gap between traditional dielectric capacitors with high power output and batteries 
with high energy storage.60 ECs can be used to boost the battery or fuel cell in a hybrid electric 
vehicle to provide the necessary power (as high as 10 kW kg-1)61 for acceleration, and to recover 
brake energy. A little work has been done to improve the performance for EC electrodes, yet low 
energy density remains as a major challenge for the development of EC technologies. 
 
Figure 11 Specific power against specific energy, also called a Ragone plot, for various electrical 
energy storage devices. The specific power shows how fast one electric vehicle can go, if the 
electrical energy storage device is used, and the specific energy shows how far one can go on a 
single charge. The marked times are obtained via dividing the energy density by the power. 
Adapted from Ref 61. 
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ECs are divided into two types based on the charge storage mechanism as well as the active 
materials used. One is electrostatic or electrical double-layer supercapacitors (EDLS), which 
electrical energy storage is achieved by separation of charges in a double layer at the interface 
between surfaces of electrodes and electrolyte62. The specific capacitance is limited by the surface 
area of the electrodes. Carbon particle materials (surface areas ~1000–3,000 m2 g–1), such as 
activated carbon, CDCs, carbon fibers, nanotubes, onions and graphene61, 63 have been tested as 
EDLC electrodes, which deliver capacitances of ~100-200 F g−1. 
ECs with electrochemically active materials as electrodes are called pseudo-capacitors or 
redox/faradaic supercapacitors, which use fast and reversible surface or near-surface reactions 
due to adsorption and/or intercalation to store energy. Transition metal oxides (ruthenium 
oxides64 and manganese oxides65) are examples of pseudo-capacitive active materials, which 
delivered very high capacitance ~ 720 F/g. However, the cost to produce RuO2 is too high. 
Besides, Nb2O5 films stored charges via intercalation of ions between atomic layers plus 
following redox reactions. Because of fast intercalation, even thick electrodes showed capacities 
of ~130 mAhg-1 at rates as high as 10C (charge/discharge in 6 min). However, most of the 
electrode materials that provide redox capacitances are poorly electrical conductive (GO, Nb2O5) 
or hydrophobic (graphene).66 The detailed differences are listed in Figure 12. 
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Figure 12 Summary of the characteristic features, in case of CV, galvanostatic profiles, key 
mechanism descriptions of the mentioned charge storage mechanisms: (a) double-layer capacitor, 
(b) surface redox pseudocapacitance (c) intercalation pseudocapacitance and (d) batteries. 
Different colors in the plots indicate different storage mechanisms. Adapted from Ref 67. 
 
 
1.4.3 MXene’s energy storage performance 
MXenes, with 2D layered structures, have shown promising behavior as electrode materials for 
LIBs and Li-ion capacitors 42, 68. For example, when Li+ ions intercalated into ML-Ti3C2Tx 
powder in organic electrolytes, a steady capacity around 100 mAhg-1 at 1 C was obtained42. After 
delamination, the Ti3C2Tx flakes formed additive-free freestanding d-Ti3C2Tx “paper”, which 
showed a capacitance of ≈ 410 mAhg-1, which is 4 times higher than that of the ML-Ti3C2Tx 
powder. Furthermore, theoretical calculations have predicted that Li+ ions should diffuse rapidly 
on Ti3C2Tx surfaces, which results in high storage capacities69. However, spontaneous 
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intercalation of ions from aqueous solutions into d-MXene films/papers has neither been 
theoretically predicted nor experimentally demonstrated before the beginning of my Ph.D. 
 
Figure 13 Comparison of the performance of exfoliated and delaminated Ti3C2Tx as anode 
material in Li-ion batteries. Inset shows SEM image of an additive-free film of delaminated 
Ti3C2Tx filtered through the alumina filter. Adapted from Ref 42. 
 
 
Thus, one purpose of my thesis is to study the intercalation behavior of metal ions (Li+, Na+, 
Mg2+, K+, NH4+ and even Al3+with different charges and sizes) to the delaminated Ti3C2Tx layers, 
and their effects on MXene electrochemical capacitive performance. 
1.5 Ion separation membranes and water purification 
1.5.1 The status of separation membranes 
Besides energy demand, water scarcity is another critical worldwide issue, and innovative ways 
to supply clean water are in urgent need. Water treatment technologies include adsorption, 
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distillation, coagulation, disinfection, media filtration, and membrane filtration as classified in 
Figure 14.70, 71 Membrane filtration processes are favored over other technologies because of the 
advantages of lower energy cost and ease of use. Selective membrane processes include 
microfiltration, ultrafiltration, nanofiltration and reverse osmosis, depending on the pore size of 
membranes72 or the cut-off sizes of retained materials73. 
 
 
Figure 14 Filtration spectrum of RO, NF, UF and MF. Adapted from Ref 73. 
 
 
Promising membranes include polymer membranes, ceramic membranes, porous carbon 
membranes, nanotubes membranes, 2D membranes, inorganic–organic nanocomposite 
membranes, and biomimetic membranes. Polymer membranes materials include cellulose acetate 
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(CA), polysulfone (PSf), polyethersulfone (PES), Polyethylenimine (PEI), polyacrylonitrile 
(PAN), polypropylene (PP), polytetrafluoroethylene (PTFE, a.k.a., Teflon), polyvinylidene 
fluoride (PVDF), and thin film composite (TFC), and some of them are shown in Figure 15. CA 
was one first employed polymers in aqueous membranes, and was used to form membranes 
ranging from MF to RO. CA is hydrophilic and relatively easy and inexpensive to manufacture 
with a wide range of pore size, which membranes have smooth surfaces and low fouling 
propensity. The disadvantages of CA include limited temperature range (less than 30 ºC) and the 
required pH range (~ 4–6).70 TFC membranes comprise an ultra-thin “barrier” layer, which 
polymerize in situ on the top of a porous polymeric support membrane. The independent 
combination of virtues of the upper selective layer and the porous support layer is the major 
advantage of TFC membranes, which can optimize the membranes74. 
The development of nanotechnologies leads to the rise of nano-structured membranes, which 
need equal consideration as commercial polymer separation membranes. Inorganic nanotech 
membranes can be separated into two types depending on the structure and separation mechanism.  
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Figure 15 Cross-sectional SEM images of the of polymeric membranes, (a) PES; (b) PEI; (c) 
PVDF and (d) PTFE. Adapted from Ref 75. 
 
 
One is sub-nm porous membranes, which select molecules through steric repulsion of the limited 
pore channels as shown in Figure 16 and their materials include ceramic, porous carbon, 
nanotubes, etc. Ceramic membranes are mostly composed of alumina, silica, titania, zirconia, or 
any mixture of these materials. Due to the high manufacturing cost, the use of ceramic 
membranes is limited to applications where polymeric membranes cannot be used, e.g. under high 
operating temperatures, or in radioactive/heavily contaminated feeds environment. Porous carbon 
membranes, such as carbide-derived carbon (CDC) materials, have good control of pore size, 
shape and uniformity.76 CNTs membranes generally have advantages such as higher water flow 
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flux, antibiofouling, and better strength77, 78, yet disadvantages like lower rejection rates to 
smaller metal ions due to the larger pores size79. 
 
 
Figure 16 Cross-sectional SEM image of an aligned CNT membrane; B, a schematic of pores 
through a porous membrane; C, cross-sectional SEM of a GO membrane; D, a schematic of 2D 
nanochannels and flow through a 2D membrane. Adapted from Ref 80-83. 
 
 
Another type is 2D materials membranes, which were developed in recent years and manufacture 
membranes from 2D nanosheets, such as graphene84, and GO4, 80, 85-87. Ions and molecules 
transport in the 2D nanochannels between the layers as shown in Figure 16D, and the particles 
which transport smaller are sieved out by the membranes. 
Layered membranes are highly versatile as the ion rejection and water transport rate can be 
controlled by changing flake size, interlayer distance and overall membrane thickness80, 88. GO 
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materials membranes have been used intensively as advanced separation membranes to provide 
drinkable water with high cost efficiency80, 86, 89. Because of the well-defined 2D nanometer 
channels through GO membranes, they exhibit low frictional water flow inside them and high 
water flux. Joshi et al. demonstrated that a 5 µm-thick GO membrane sieved inorganic salts and 
organic molecules with characteristic hydration radii above 4.5 Å4. The 5-μm-thick GO 
membranes prepared by means of VAF are vacuum-tight in the dry state. But if immersed in 
water, they act as molecular sieves, blocking all solutes with hydrated radii larger than 4.5 Å. 
Smaller ions permeate through the membranes at rates thousands of times faster than what is 
expected for a simple diffusion. This behavior is explained by a network of nanocapillaries that 
open up in the hydrated state and accept only species that fit in.4  
However, there are not many 2D materials that can be processed into membranes and can 
selectively sieve ions, while maintaining mechanical integrity. MXene membranes are not only 
similarly robust, hydrophilic and composed of capillary 2D nanochannels similar to GO, but also 
electrical and ionic conductive. Thus, MXene is a new promising membrane material for the size 
and/or charge selective rejection of ions and molecules. 
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Figure 17 A, A photograph of a GO membrane covered by a copper foil with opening. B, 
Experimental setup schematic: a U-shaped tube is divided by the GO into two compartments as 
feed and permeate. C, Sieving through the atomic-scale mesh. No permeation could be detected 
for the solutes shown within the gray area during measurements. The thick arrows indicate our 
detection limit. The dashed curve is a guide to the eye, showing an exponentially cutoff at 4.5 Å. 
Adapted from Ref 4. 
 
 
1.5.2 MXene’s potential as separation membranes 
The new family of 2D transition metal carbides and/or nitrides MXenes have attracted attention 
as electrodes in electrochemical energy storage devices, because of the controlled ion insertion 
between the atomically thin layers35, 38, 39, 42. MXene films or membranes have several properties 
which make them promising separation membranes. First, Ti3C2Tx surface was characterized to 
have a negative charge (Zeta potential of as-produced Ti3C2Tx solution is -39.5 mV90, and at pH 7 
is -29 mV91), and be hydrophilic with a contact angle around 25 °39, 90, which are basic properties 
to perform in aqueous solutions. Secondly, MXenes membranes are mechanically stable: a 3.3-
μm-thick Ti3C2Tx membrane has a tensile strength of 22 MPa90, which is comparable to 55 MPa 
C 
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of a 2.5 μm-thick GO membrane6. Ti3C2Tx is an efficient adsorbent for the cationic dye MB92, 
gold93, lead (Pb2+)94 and chromium (Cr6+) cations91. Furthermore, it has been shown that a wide 
range of cations with varying sizes and charges (Na+, K+, NH4+, Mg2+ and Al3+) can intercalate 
between Ti3C2Tx layers42,55, and this process results in expansion or contraction of the films, 
dependent on the charge and nature of the cation95, 96. 
Ionic and water transport through MXene membranes of any kind has never been reported, which 
triggered the other objective of my thesis. Even more promising, compared to insulating GO 
membranes, Ti3C2Tx films have a metallic conductivity (2400 S/cm90), which implies the 
potential to electrically modulate the surface charge and control ion permeation with an applied 
voltage. The ion gating membranes were first introduced by Murray and Burgmayer in 1982 
when they deposited conducting polymer on a gold mini-grid electrode. However, there is no 
report on electrical control on ion permeation using the 2D membranes till the time I started my 
thesis. 
1.6 Objectives 
The goal of this PhD thesis is three-fold: first is to explore the fabrication and basic properties of 
the 2D transition metal carbides, MXene films; second, to adjust the MXene films’ structure by 
controlling flake size, fabricating composites, and introducing porosity; last, to explore their ion-
intercalation-related performance, such as electrochemical capacitive performance and ion 
separation. 
This will be achieved by accomplishment of the following tasks: 
❖ Preparation and investigation of MXene films with various film thickness, interlayer spacing, 
surface chemistry and/or flake sizes, with focus on the most studied MXene - Ti3C2Tx. Improve 
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the MXene films’ structure by introducing nanofillers to fabricate composites, and/or introduce 
porous structure. 
❖ Demonstration and investigation of the electrochemical capacitive performance of MXene 
films in various electrolytes. Understanding of ion intercalation and how it affects the capacity. In 
terms of electrolyte, it will be focused on the comparison of the aqueous electrolytes with ions of 
different size and charge (from +1 to +3). 
❖ Investigation of the selectivity of MXene (Ti3C2Tx focused) membranes on metal ions and 
dye molecules with different sizes and charges. Systematic measurement of basic parameters such 
as water flux and biofouling to evaluate the applicability of MXenes membranes. Understanding 
the mechanism of ion selectivity, and controlling the selectivity by applying external electrical 
potential. 
It is worth mentioning that in this thesis MXene film, paper, and membrane are in similar form 
and prepared using the same synthesis method. “Film” is used to describe the material most of 
time, and “paper” is used to emphasize their freestanding and flexible behavior, and “membrane” 
is used to emphasize the ion permeation process.  
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CHAPTER 2: MATERIALS AND METHODS 
 
 
In this chapter, detailed information on MXene synthesis, structure modification 
treatments and characterization techniques is provided. Electrode preparation procedures, 
the electrochemical set-up and testing details are provided as well. Finally, the 
experimental details for the permeation tests are discussed. 
2.1 MXene synthesis 
Most of the research is this thesis was performed with Ti3C2Tx, the first and most studied 
MXene. In the following its synthesis will be explained. 
2.1.1 MAX phases 
The MAX phases used were either commercial or were prepared at Drexel University by 
ball milling raw precursors in a specific ratio then heating in a tube furnace under argon. 
The Ti3AlC2 MAX phase was synthesized by mixing commercial Ti2AlC powders (> 92 
wt.%, 3-ONE-2, Voorhees, NJ) with TiC (99.5 %, Alfa Aesar) in a 1:1 molar ratio, 
followed by ball milling for 24 h using zirconia balls. The mixture was then heated at 
5 °C/min under flowing argon in a tube furnace, and kept at 1,350 °C for 2 h. The 
resulting lightly sintered brick was ground using a milling bit and sieved through a 400-
mesh sieve producing powder with a particle size less than 38 μm. Other MAX phases, 
Nb2AlC and V2AlC were prepared similarly as described elsewhere
97. 
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2.1.2 MXene etching 
Etching method using HF. Various MXenes can be produced by HF etching of at room 
temperature (RT) or up to 55 °C by controlling the reaction time and HF concentration. The 
etching conditions for MAX phases with different transition metals vary, depending on the 
structure, atomic bonds and particle size of the material. 
Specifically, ML-Ti3C2Tx powders were prepared by selective etching the Al layer from Ti3AlC2. 
Ti3AlC2 powders (<38 μm) were added slowly at RT to a 50 wt.% aqueous HF solution (Fisher 
Scientific, Fair Lawn, NJ) with a ratio of 1 g Ti3AlC2 per 10 mL HF solution and held for 18 h 
with magnetically stirring. The maximum amount of Ti3AlC2 etched per batch was around 10 g, 
to avoid overheating. After the reaction, about 50 mL deionized (DI) water was added to the 
mixture, which was then centrifuged at 3500 rpm for 5 min to remove the acidic supernatant from 
Ti3C2Tx sediment. The washing step was repeated several times until the pH of the supernatant 
was around 6. The sediment was filtered via VAF on a Celgard film (6X6 cm square, 0.25 μm 
pore size, 3501 Coated PP, Celgard LL, Charlotte, NC) and dried at RT in a vacuum desiccator (< 
10 Torr) for further usage as ML-Ti3C2Tx powder. A glass microfiltration apparatus (Feida, China) 
with a fritted alumina supporting base was used for the VAF.  
All the centrifugation in this thesis was conducted on a HERMLE centrifuge (Z400, South of 
Germany) with 12 rotors at 3,500 rpm (2,547 × g). All the VAF experiments were done using this 
type of glass microfiltration apparatus, and all Celgard films mentioned below refer to one type 
(0.25 μm pore size, 3501 Cated PP, Celgard LL, Charlotte, NC). 
Etching method using fluoride containing HCl. For this etching method, Lithium fluoride (LiF, 
1.33 g, Alfa Aesar, 98.1%) was dissolved in 20 mL of 6 M HCl (diluted from concentrated HCl, 
48−51%, Sigma Aldrich) solution under stirring for 5 min. Then 2.00 g of Ti3AlC2 powder was 
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slowly added to the mixture at RT, and the process was operated over a time around 10 min to 
prevent overheating. Then the mixture was kept stirring at 500 rpm at 35 ºC for 24 hours. After 
the reaction, about 50 mL DI water was added to the mixture, which was then centrifuged at 3500 
rpm for 5 min to remove the supernatant from Ti3C2Tx sediment. The washing step was repeated 
for 5-6 times until the color of the supernatant became dark green (pH around 6). The sediment 
was filtered on a Celgard film and dried at RT under vacuum for further usage as ML-Ti3C2Tx 
powder. 
To ensure the stable yield of delaminated Ti3C2Tx, the ratio of Ti3AlC2: LiF: HCl was changed to 
2.00 g: 1.98 g: 20mL 7.5 M for the porous MXene work, and 2.00 g: 1.98 g: 20mL 9M for study 
of the flake size selection and electrical ion permeation control.  
2.1.3 Intercalation of ML-Ti3C2Tx 
Inorganic salt intercalation. To intercalate ML-Ti3C2Tx, 0.15 g of the Ti3C2Tx powder was 
suspended in 5 ml of 30 wt.% aqueous solution of sodium hydroxide, sodium carbonate, sodium 
acetate, or sodium citrate; 25, 20 and 10 wt.% aqueous solution of magnesium sulfate (MgSO4), 
sodium sulfate or potassium sulfate, respectively. Then, the mixtures were stirred for 24 h with a 
magnetic stirrer at RT. Afterwards, the resulting colloidal solutions were filtered through a 
polyester membrane (25 mm diameter, 3 μm pore size, Osmonics Inc., Minnetonka, MN, USA) 
and dried in a vacuum desiccator at RT. 
The following chemicals were used: sodium acetate anhydrous (≥99.0%, Alfa Aesar, Ward Hill, 
MA, USA), sodium citrate tribasic dehydrate (>98%, Sigma Aldrich, St. Louis, MO, USA), 
sodium sulfate anhydrous (99.7%, Acros Organics, Fair Lawn, NJ, USA), MgSO4 (≥99.5%, Alfa 
Aesar, Ward Hill, MA, USA), potassium sulfate (certified ACS crystalline, Fisher Scientific, Fair 
Lawn, NJ, USA), zinc sulfate heptahydrate (≥99.0%, Sigma Aldrich, St. Louis, MO, USA). 
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DMSO intercalation. DMSO (99.9% Sigma Aldrich, Saint Louis, MO, USA) intercalation was 
used to enhance the delamination process of HF etched ML-Ti3C2Tx. In this case, the ML-Ti3C2Tx 
powders were magnetically stirred in DMSO, at a ratio of 1 g ML-Ti3C2Tx per 12 mL DMSO, for 
18 h at RT. Then 30 mL DI water was added to the suspension, and the DMSO intercalated ML-
Ti3C2Tx was separated by centrifugation at 3500 rpm for 5 min. 
2.1.4 Delamination of Ti3C2Tx 
The common way to delaminate ML-Ti3C2Tx powder is by sonication. 
Delamination of HF etched Ti3C2Tx. The ML-Ti3C2Tx powder was intercalated with DMSO and 
washed as described in the previous paragraph. Then the mixture was dispersed in deaerated 
water with a weight ratio of ML-Ti3C2Tx: water of 1:300. The suspension was bath sonicated 
(Branson 2510 Ultrasonic Cleaner, 40 kHz) under flowing Ar for 5 h, and then centrifuged at 
3500 rpm for 1 h to obtain the supernatant containing Ti3C2Tx flakes with concentration ranging 
from 0.1 to 1 mg mL-1, henceforth referred to as the Ti3C2Tx MXene colloidal solution. 
Delamination of LiF/HCl etched Ti3C2Tx. 0.2 g of ML-Ti3C2Tx powder etched by LiF/HCl 
method was mixed with 50 mL DI water and the mixture was bath-sonicated (Branson 2510 
Ultrasonic Cleaner, 40 kHz) under flowing Ar gas in an ice bath for a certain time (usually 1-1.5 
h). In some cases, the ML-Ti3C2Tx powder in water was probe-sonicated (Fisher Scientific Model 
505 Sonic Dismembrator) for 60 min with a 8-s On pulse and a 2-s OFF pulse at an amplitude of 
50% in an ice bath. Then the sonicated solution was centrifuged at 3500 rpm for 60 min, and the 
supernatant containing Ti3C2Tx flakes was collected with concentration ranging from 0.2 to 2.5 
mg mL-1. 
Delamination without sonication. Recently, it was found that MXene flakes can also be 
prepared without sonication via a modified method by Mohamed Alhabeb et al. In the modified 
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procedure, the molar ratio of LiF to MAX was increased to 7.5:1 from 5:1 to provide excess of 
Li+ ions for intercalation and the HCl to LiF ratio was doubled to facilitate etching of aluminum. 
Other aspects of the procedure remained identical, except no sonication was needed to delaminate 
Ti3C2Tx powder.98 Following the previous washing steps and after dark supernatant appeared, the 
mixture was centrifuged for 60 min to completely settle down the sediment; then the sediment 
was re-dispersed into DI water by vigorous shaking over a time around 10 min and centrifuged at 
3500 rpm for 60 min. At last, the supernatant was collected, which contained large Ti3C2Tx flakes 
in DI water (marked as MILD or no-sonic Ti3C2Tx)99. 
For the work in 3.1, 3.2, 4.1- 4.4, and 5.1, the delaminated MXene was prepared by HF etching, 
followed with DMSO intercalation, and 5-h bath sonication. For the results in other portions, the 
delaminated MXene was prepared by LiF/HCl etching and bath/probe sonication of different time. 
2.1.5 Ti3C2Tx films filtration 
Preparation of freestanding Ti3C2Tx film. To prepare a Ti3C2Tx film, certain volume of Ti3C2Tx 
solution, which contained flakes of 5 to 100 mg, was vacuum-assisted filtered on a Celgard film 
using the filtration setup. A glass microfiltration apparatus, with a fritted sand supported base, 
was used for the vacuum filtration. After the filtered film was dried in ambient environment, a 
freestanding MXene film was obtained by detaching the filter. The films were stored at RT in a 
vacuum desiccator and directly used as electrode in supercapacitors. The films were 1.5-30 µm 
thick with a mass density per unit area of 0.3 - 6 mg/cm2. 
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Figure 18 Schematic of the vacuum assisted filtration. 
 
 
Preparation of Ti3C2Tx membranes supported on PVDF. To get more orderly aligned MXene 
layers, Ti3C2Tx (0.3 to 1.5 mg/ml) solution which contained 0.33 ~ 5 mg Ti3C2Tx flakes was 
diluted to 500 mL by adding DI water. Then Ti3C2Tx membranes were fabricated via VAF of the 
diluted solutions on a PVDF filter membrane (Hydrophilic, 0.45 µm pore size, 47 mm diameter, 
EMD Millipore Durapore, US). The filtered membranes were air dried and remained on the top of 
the PVDF support. The membranes were kept at RT in a vacuum desiccator for permeation tests. 
2.1.6 Modification of Ti3C2Tx film structure 
Preparation of MXene/polymer nanocomposites. The Ti3C2Tx/PDDA composites were 
prepared by the drop-wise addition of a PDDA solution (5 mL, 2 wt.% aqueous solution) into the 
colloidal solution of Ti3C2Tx (35 mL; 0.34 mg ML-1). The mixture was magnetically stirred for 
24 h. The solution was again centrifuged at 3500 rpm for 1 h. The obtained sediment was washed 
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using DI water, then centrifuged at 3500 rpm for another hour. Lastly, the sediment was re-
dispersed into 15 mL DI water, before further VAF. 
The MXene/PVA mixture was produced by mixing the MXene colloidal solution with a PVA 
(molecular weight, 115,000 Mw; Scientific Polymer Products, Inc., NY) aqueous solution. 
Specifically, aqueous solutions of MXene (0.3 mg ML-1) and PVA (0.1 wt.%) were mixed and 
the mixture was sonicated in water bath for 15 min. The MXene to PVA weight ratios chosen 
were 90:10, 80:20, 60:40 and 40:60, and the resulting composite films were denoted as 90 wt.%, 
80 wt.%, 60 wt.%, and 40 wt.% Ti3C2Tx/PVA, respectively. In all cases, the mass of the starting 
Ti3C2Tx was 13.4±0.1 mg. 
Then the Ti3C2Tx/polymer composite films were fabricated via VAF of the diluted solutions 
through a Celgard film. The filtered cakes were air dried and detached from the Celgard filters as 
freestanding films. 
Preparation of MXene/carbon nanomaterials composites. Sandwich-like MXene/ multiwalled 
carbon nanotubes (MWCNTs, prepared as described below) papers were prepared using an 
alternating filtration method. Specifically, a 1 mL Ti3C2Tx dispersion (~0.7 mg mL-1) was filtered 
through a Celgard film to yield a thin Ti3C2Tx layer. Then, 1 mL MWCNT dispersion was filtered 
on the top of the Ti3C2Tx layer. After that, another 1 mL Ti3C2Tx dispersion was filtered on the 
top of MWCNT layer to form a sandwich-like structure. This alternate filtration was repeated 
several times to yield composite films composed of 6-10 alternating Ti3C2Tx and MWCNTs 
layers. The composite film was then dried in air at RT and peeled off from the Celgard film, 
yielding freestanding sandwich-like MXene/MWCNT paper. The sandwich-like 
MXene/Singlewalled carbon nanotubes (SWCNT), MXene/onion-like carbon (OLC) and 
MXene/reduced GO (rGO) papers were prepared through a similar process. 
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Synthesis of porous Ti3C2Tx. 80 mL of the Ti3C2Tx colloidal solution (0.8 mg/ml) was 
mixed with the same volume of CuSO4 of a concentration of 0.2 mol L
-1, and the mixture 
was stirred for 0.5 h at RT. The mixture was then washed through 3 cycles of distilled 
water addition, centrifugation (3,500 rpm, 2 min for each cycle), and decanting, until the 
pH of supernatant reached around 6. After that, diluted HF (40 mL, 5%) was mixed with 
the sediment and held for 10 min. Finally, after the mixture was washed in the same way 
as mentioned above till pH reached 5, the supernatant was sonicated with sediment until 
no obvious chunk existed. The mixture was collected as the porous Ti3C2Tx colloidal 
solution. A control experiment was carried out by using deaerated water under bubbling 
Ar during the whole process to exclude the influence of dissolved O2. Delaminated Nb2C 
and V2C colloidal solution were treated by the same procedure to obtain porous Nb2C and 
V2C flakes, respectively. CoSO4 and FeSO4 aqueous solutions (0.2 mol L
-1) instead of 
CuSO4 were also used to treat the Ti3C2Tx in colloidal solution to evaluate the effect of 
Co2+ and Fe2+ on the synthesis of porous Ti3C2Tx, respectively. 
Preparation of p-Ti3C2Tx and p-Ti3C2Tx /CNT films. MWCNTs prepared as described 
below, were dispersed in DI water by sonication for 0.5 h with the assistance of 0.03 mol 
L−1 sodium dodecylsulphate (99.5%, Fisher Scientific, Fair Lawn, NJ). The CNT 
dispersion was mixed with the p-Ti3C2Tx solution by stirring and filtered through a 
Celgard film to yield a composite film. The latter was then dried in air at RT for 10 min 
and peeled off from the Celgard film, yielding a flexible freestanding film. The 
concentration of CNTs in these composite papers was controlled at 10 wt.%. Pure p-
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Ti3C2Tx films were prepared by a similar VAF process of a p-Ti3C2Tx colloidal solution 
that did not contain CNTs. 
2.1.7 Other materials preparation 
Preparation of carbon nanomaterials. The MWCNTs were prepared through a floating catalyst 
chemical vapor deposition (CVD) method.100 The SWCNTs were prepared by the CVD of 
methane on Fe/MgO catalysts, and purified by HCl washing.101, 102 OLCs were made by annealing 
a nanodiamond precursor (UD90 grade, SP3 Diamond Technologies, USA) at 1800 oC in a 
vacuum of ~ 10-6 Torr for 3 h in a custom-made vacuum furnace (Solar Atmospheres, USA).103 
The rGO was prepared by the hydrazine reduction of GO made by a modified Hummers 
method.104 In a typical run, 0.5 mL hydrazine hydrate was added into a 50 mL GO aqueous 
solution. The latter was refluxed at 100 oC for 12 h to obtain a rGO suspension. The MWCNTs 
and SWCNTs dispersions were prepared by sonication in DI water for 30 min with the assistance 
of sodium dodecylsulphate (99.5 %, Fisher Scientific, Fair Lawn, NJ). The dispersions of OLCs 
and rGO were prepared by directly sonicating the materials in DI water for 30 min. The 
concentration of these nanocarbons in their dispersions was controlled at 0.036 mg mL-1. The 
details for the material preparation are available in the related references. 
Preparation of activated carbon (AC) counter electrodes. Activated carbon film electrodes 
were prepared by mechanical processing of the pre-mixed slurry, containing ethanol (190 proof, 
Decon Laboratories, Inc.), activated carbon, and PTFE binder (60 wt.% in H2O, Aldrich) which 
was added to create a conductive network in-between the particles. Resulting AC electrodes 
composition was 95 wt. % of YP-50 activated carbon (Kuraray, Japan) and 5 wt. % of the PTFE. 
The films were 60-250 µm thick with a mass density per unit area of 6-25 mg/cm2. 
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Preparation of GO membrane on PVDF. Purified graphite (SP-1, Carbon Bay) was used to 
prepare GO via Hummer’s method105. Dried GO powder was dispersed in DI water using ultra-
sonication for 1 h followed by centrifugation at 3500 rpm for 15 min to obtain 1 mg/mL aqueous 
GO solution. 5 mL of this solution was diluted to 300 mL with DI water and underwent VAF in 
the same way described for Ti3C2Tx membranes. 
2.2 Materials characterization techniques 
This part introduces the characterization techniques used to probe the morphology, structure and 
properties in application aspects of MXene films. 
Table 1 A list of the characterization techniques to probe MXene properties. 
Property Characterization 
Material morphology SEM  
TEM 
Stacking structure XRD  
TEM  
Gas sorption 
Material composition 
(cations, surface chemistry) 
EDX  
XPS  
Raman spectroscopy 
Mechanical strength Tensile test 
Electrical conductivity Four-point probe method 
Other physical properties Density measurement 
Contact angle measurement 
Zeta potential measurement 
Electrochemcal capacitive 
performance 
 
Cyclic voltammetry 
Electrochemical impedance spectroscopy 
Galvanostatic charge- discharge measurement 
Ion separation Permeation test 
Water flux measurement 
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2.2.1 General material characterization methods 
The morphology of produced MXene-based flakes and films was characterized using a SEM. 
SEM (Zeiss Supra 50VP, Carl Zeiss SMT AG, Oberkochen, Germany) was equipped with an 
Energy-Dispersive X-Ray Spectroscopy (EDX) (Oxford EDX, with INCA software) to analyze 
the element composition. Most EDX scans were obtained at low magnification (100-200 X) at 
random points of the powdered samples, elemental standards used: C: CaCO3; Al: Al2O3; O: 
SiO2; F: MgF2; Nb: Nb metal. XPP matrix correction (Pouchou and Pichoir, 1988) was used for 
elemental quantitative analysis. 
TEM was used to study the morphology and interlayer structure of MXene. TEM (JEOL JEM-
2100F, Japan) was operated at 200 kV. The MXene flakes for TEM were prepared by dropping 
the colloidal solution of MXene on a lacey carbon-coated copper grid and dried in air. The 
Ti3C2Tx film cross-sections were produced by first embedding the films in epoxy resin and then 
cutting them using a glass microtome. The produced chips were placed on a lacey carbon-coated 
copper grid. 
The XRD was used to identify MXene and measure the interlayer spacings of ML- Ti3C2Tx and 
Ti3C2Tx films. XRD patterns were recorded by a powder diffractometer (Rigaku Smart Lab, 
USA) with Cu Kα radiation at an acquisition rate of 0.2° min-1 and 0.5 s dwelling time. The 
(0002) peak of the Ti3C2Tx located in the range between 5 to 10 °, depending on the intercalated 
molecule between. The c-LP of (0002) peak was calculated from Bragg’s law as shown in Figure 
19, and corresponded to the thickness of 2 rigid Ti3C2Tx layers plus two effective interlayer 
spacings. One rigid layer of Ti3C2Tx has a thickness of 8.8 Å from MD simulations42. Thus, the 
effective interlayer distance of Ti3C2Tx can be calculated. 
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Figure 19 Part of typical XRD patterns of delaminated Ti3C2Tx films and the shifting of (0002) 
peaks. 
 
 
Raman spectra were recorded using a microspectrometer (InVia, Renishaw plc, Gloucestershire, 
UK) with a He/Ne ion laser (633.2 nm).  
X-ray photoelectron spectroscopy (XPS) was used to study the surface functionality of MXene. 
XPS spectra were acquired on a Physical Electronics Versa Probe 5000 (ULVAC-PHI, Inc., 
Japan) spectrometer using Al-Kα monochromatic X-rays of 100 μm. Emitted photoelectrons were 
collected using a 180° hemispherical electron energy analyzer. Samples were analyzed at a 45 ° 
takeoff angle between the sample surface and the path to the analyzer. High-resolution XPS 
spectra for Ti 2p region were taken at a pass energy of 11.75 eV with a step size of 0.05 eV. The 
binding energy scale of all XPS spectra was references to the Fermi-edge (Ef), which was set to a 
BE of zero eV. The freestanding films were mounted on a double-sided tape and was ground by a 
copper electrode. Peak fitting of the Ti 2p region was performed using CasaXPS Version 2.3.16 
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RP 1.6. Prior to peak fitting the background contributions were subtracted using a Shirley 
function. For the 2p3/2 and 2p1/2 components, the intensity ratios of the peaks were constrained to 
be 3:2. All peaks were fitted with symmetric Gaussian-Lorentzian functions expect for the Ti-C 
peaks which were fitted using asymmetric Lorentzian functions. Nitrogen sorption measurements 
were conducted on a Quadrasorb instrument (Quantachrome, USA) at 77 K using liquid nitrogen 
to evaluate the SSA and pore size distribution.  
2.2.2 Physical properties measurement 
The contact angle was measured at RT using the sessile drop technique to check MXene’s 
hydrophilicity. A water drop with a volume of 10 L was placed on the surface of a Ti3C2Tx film 
and allowed to stabilize for 45 s before a picture was taken.  
The electrical conductivities of the samples were measured at RT using a 4-point probe (ResTest 
v1, Jandel Engineering Ltd., Bedfordshire, UK) with a probe distance of 1 mm. The distance 
between probes was 1.0 mm. The range of voltage used was from 0 to 4 V.  
To probe the surface charges of MXene surface, the ζ-potential was measured using a particle 
size analyzer (Zetasizer NanoZS, Malvern). The Ti3C2Tx solution tested had a concentration of 
0.3 mg mL-1. 
To calculate the mass density per unit volume of MXene films, the film weight was measured by 
the UMX2 Ultra-microbalance (Mettler Toledo, d=0.1 µg), the film thickness was measured 
using SEM, and the film area was measured using ImageJ analysis. 
Nitrogen gas sorption measurements were conducted on a Quadrasorb instrument (Quantachrome, 
USA) at 77 K using liquid nitrogen to evaluate the SSA and pore size distribution.  
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Theoretical SSA calculations for Ti3C2(OH)2 and estimation of the number of layers in multilayer 
exfoliated Ti3C2Tx and few-layer Ti3C2Tx: Area of one lattice = Lattice parameters a * b * sin (60°) 
= 3.0581 Å x 3.0588 Å x (3)0.5/2 x 10-20 = 8.1E-20 m2. Each layer in the cell has 3Ti, 2C, 2O, and 
2H. Then the weight of the layer in the cell = [201.64 g/mole] / [6.023E23 atoms/mole] = 3.3478E-
22 g. The SSA = 8.1E-20/3.3478E-22 = 241.97 m2/g (one side). Then the theoretical SSA of a 
Single layer (2 sides) of Ti3C2(OH)2 will be 483.94 m2/g. Hint: These calculations ignore the 
presence of edges and defects. Experimental SSA for MXene paper and its corresponding number 
of layers: 98 m2/g using N2  ~ 5 layers, 128 m2/g using CO2  ~ 4 layers, 167 m2/g using 
Ar  ~ 3 layer. 
For d-Ti3C2Tx, experimental SSA calculated from nitrogen sorption ranged from 19.6 to 98 m2/g, 
which translated to 5~24 layers in an average MXene lamella. 
Mechanical strength measurement 
To test the tensile strength, the Ti3C2Tx based films were cut into strips (30 mm × 3 mm) using a 
razor blade and glued onto supporting paper frames, which were subsequently cut after fixing the 
latter in the grip of a universal testing machine (KES G1 Tensile Tester, Japan), with schematic as 
shown in Figure 20. The tensile tests were performed at a loading rate of 6 mm/min; a 50 N load 
cell was used. All the measurements were performed at RT and an average humidity of about 
30 %. The reported tensile strength, Young’s modulus and strains at rupture were the averages of 
3 to 6 samples.  
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Figure 20 Schematic of the stress strain tests. 
 
 
To demonstrate MXenes’ compressive strength, Ti3C2Tx hollow cylinders were made by rolling 
strips (35 mm long and 10 mm wide) of Ti3C2Tx and 90 wt.% Ti3C2Tx/PVA films around a 6-mm 
diameter glass rod. The edge of the strip was glued using a very small amount of PVA solution 
(0.1 wt.%) to hold the cylinder shape and the rod was removed. The hollow cylinder was fixed on 
the top of a glass slide using PVA solution (5 wt.%) before test. Coins which weight were 
thousand times of Ti3C2Tx films were put on the top of the hollow cylinders to check their 
compressive strength. 
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2.3 Electrochemical characterization  
2.3.1 Electrochemical set-up 
 
 
Figure 21 a) A BioLogic VMP-300 electrochemical station for battery and EC tests; b) Schematic 
of three-electrode Swagelok cell for supercapacitor testing. 
 
 
Inorganic electrochemical capacitor set-up. All the electrochemical capacitive tests were 
conducted in three-electrode Swagelok cells, using an aqueous electrolyte with salt dissolved in 
water as shown in Figure 21b. The Ti3C2Tx based films (weight 0.08 to 1.0 mg) served as 
working electrode, activated carbon electrodes with over-capacitance were employed as counter 
electrode (weight 8 to 30 mg) and Ag/AgCl in 1 M KCl was used as reference electrode. One or 
two layers of Celgard films were employed as the separators. Platinum or glassy carbon was used 
as current collectors to improve the electrical connection. 
Organic capacitor/battery set-up. The Li-ion storage performance of the MXene was evaluated 
in standard coin-type cells (CR-2016, MTI, Richmond, CA, USA) as shown in Figure 22 (porous 
Ti3C2Tx was taken as example). Freestanding Ti3C2Tx based film was cut into pieces and directly 
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used as the working electrode, lithium metal foil was used as the counter and reference electrode, 
one or two layers of Celgard films were used as separators, and organic electrolyte was used. 
 
 
Figure 22 Schematic of coin cell set-up with Ti3C2Tx film (p-Ti3C2Tx) as the working electrode, 
lithium metal foil as the counter and reference electrode, and Celgard films as separator. 
 
 
2.3.2 Electrolytes 
Inorganic electrochemical capacitor electrolyte. Inorganic solutions of H2SO4, KOH, K2SO4, 
NaOH, NaOAc, LiOH, Li2SO4, (NH4)2SO4, MgSO4, or Al2(SO4)3, were used as electrolyte for 
supercapacitor tests. To demonstrate ion intercalation kinetics in MXene structures, the major 
electrolytes used in this thesis were 1M KOH, or MgSO4. To enhance the capacitive performance, 
1M or 3M H2SO4 were used, due to the smaller size of proton and their higher ionic 
conductivity106. 
The specifications of the used inorganic electrolyte are sulfuric acid (50%, Ricca Chemical 
Company, Arlington, TX, USA), potassium hydroxide (≥85.0%, Fisher Chemical, Fair Lawn, NJ, 
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USA), potassium sulfate (certified ACS crystalline, Fisher Scientific, Fair Lawn, NJ, USA), 
sodium hydroxide (≥98%, Alfa Aesar, Shore Road, Heysham, Lancs UK), sodium acetate 
anhydrous (≥99.0%, Alfa Aesar, Ward Hill, MA, USA), sodium nitrate (≥99%, Sigma Aldrich, St. 
Louis, MO, USA), lithium hydroxide, lithium sulfate (≥98.5%, Sigma Aldrich, St. Louis, MO, 
USA), ammonium sulfate (≥99.0%, Sigma Aldrich, St. Louis, MO, USA), magnesium nitrate 
hexahydrate (≥99%, Sigma Aldrich, St. Louis, MO, USA), MgSO4 (≥99.5%, Alfa Aesar, Ward 
Hill, MA, USA), aluminum sulfate hydrate (≥98.0%, Fluka, St. Louis, MO, USA). 
The organic electrolytes used were lithium hexafluorophosphate solution in ethylene carbonate 
and diethyl carbonate (1.0 M LiPF6 in EC/DEC=50/50 (v/v),  
 
Table 2 Electric conductivity of the aqueous electrolytes used in electrochemical experiments.  
Electrolyte 
Ionic conductivity, 
mS/cm 
1 M NaOH 141 
1 M KOH 191 
0.5 M LiOH 90 
1 M Li2SO4 71 
0.5 M K2SO4 100 
1 M (NH4)2SO4 114 
1 M Mg(NO3)2 115 
1 M MgSO4 51 
1 M Al2(SO4)3 30 
1 M Al(NO3)3 110 
3 M NaOAc 79 
1 M H2SO4 800 
3 M H2SO4 2243 
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2.3.3 Electrochemical testing 
Inorganic electrochemical capacitor measurements. CV, galvanostatic charge-discharge and 
electrochemical impedance spectroscopy (EIS) were employed to test the capacitive performance 
using an electrochemical workstation (VMP3, Biologic, France). The CV scan rates ranged from 
1 mV/s to 20,000mV/s. The galvanostatic charge-discharge cycles were conducted with a current 
density of 0.1, 1 or 5 A/g, with a potential range based on the CV profiles.  
 
Figure 23 A typical CV profile for inorganic EC measurements of MXene films. The blue line 
area is encircled by the discharge curve. 
 
 
EIS was conducted at the OCP, with a 10-mV amplitude and frequencies ranging from 10 mHz to 
200 kHz. A typical EIS curve and analysis is shown in Figure 24. 
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Figure 24 A typical EIS curve for electrochemical capacitance measurements of MXene. 
 
 
Voltage range of cycling were chosen using the following principles: 
1) Open circuit potential right after assembly of the cell was chosen as starting potential. 
Maximum potential was chosen by subsequent CV series with increasing higher limit, with the 
maximum potential to be below the electrolyte oxidation voltage, at which no sharp oxidation 
peak was observed. 
2) Minimum potential was chosen by subsequent CV series with increasing lower limit, and the 
minimum potential was chosen to be above the electrolyte decomposition voltage, to avoid 
hydrogen evolution. 
The specific capacitances were calculated by integrating the discharge portions of the CVs using 
the equation shown in Figure 23. The corresponding capacitances were calculated from the slopes 
of the discharge curve of the galvanostatic charge-discharge cycles, by C =
I∗Δt
V∗M
, where I was the 
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current, Δt was the discharge time, V is the voltage window, and M is the mass of working 
electrode. 
Organic capacitor/battery measurement. The coin cells were tested in galvanostatic mode 
within the voltage range of 0.01-3.0 V with respect to Li, using a battery cycler (Arbin BT-2143- 
11U, College Station, TX, USA). The capacities were calculated based on the mass of entire 
working electrodes. 1 C equals 320 mA/g. 
2.4 Ion permeation measurement 
2.4.1 U-shaped device permeation  
To investigate the ion permeation under only osmotic pressure without external vacuum pressure, 
homemade U-shape devices, instead of pressure-driven filtration, were used to measure the 
number of permeated ions over a given time. The major ion permeation experiments without 
applying voltage were conducted using a homemade U-shaped apparatus shown in Figure 25. The 
conductivity of the permeation side was measured by Hanna HI 8633 multi-range conductivity 
meter and recorded as a function of permeation time. Since the permeation was done in wide 
tubes with a small membrane area, the total water flux was negligible. 
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Figure 25 Photograph of the homemade U-shaped device used for ion permeation measurements. 
 
 
For the ion permeation measurement with voltage applied, another homemade U-shaped device 
was used, with schematic shown in Figure 26. Sodium chloride (NaCl) solution with a 
concentration of 35 g/L (same as NaCl concentration in seawater) was used as the major feed 
solution. 50 mL salt solution was poured into the feed side, and 50 mL DI water was poured into 
the permeate side. Platinum wire was used as counter electrode and Ag/AgCl in 1M KCl as the 
reference electrode, with both electrodes immersed in the feed solution. Ti3C2Tx membrane on the 
PVDF support was attached to current collector (an annular Ti foil) and pressed between feed and 
permeate solution containers. A real-time ionic conductivity meter (eDAQ EPU357 Conductivity 
isoPod and ET915 Miniature Dip-In Conductivity Electrode) was immersed in the permeate side 
to record the ionic conductivity, with a stir bar constantly stirring to remove gradient 
concentration. 
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Figure 26 A schematic showing the U-tube device to measure the ion permeation through Ti3C2Tx 
membrane under voltages. 
 
 
2.4.2 Vacuum assisted filtration permeation 
To check the Ti3C2Tx membranes’ separation behavior with water flow under vacuum pressure, a 
dead-end filtration setup was used to measure the rejection rates of solutions. A Ti3C2Tx 
membrane was placed on an alumina supporting base between the feed and permeation parts, and 
the salt solution was transported through the membrane at vacuum pressure of 1 bar. 
Besides the filtration at normal conditions, voltage was also applied on the Ti3C2Tx based 
membranes to affect the permeation. This was realized in the filtration set-up as shown in Figure 
27: Ti foil on the top worked as counter electrode, a rubber layer worked as an insulter in the 
middle, and the Ti3C2Tx membrane as working electrode was attached to current collector (Ti foil).  
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Figure 27 A schematic showing the dead-end filtration device to measure the rejection rates 
through Ti3C2Tx membrane with voltages. 
 
 
2.4.3 Key parameters characterization 
Water flux. By sequentially filtering dilute suspensions of Ti3C2Tx of known concentrations 
(0.01 mg/mL), water flux was calculated by the equation, 
F =
V
A t p
. 
V is the filtered volume in gallon or liter, A is the area of effective membrane in square foot or 
meter, t is the filtration time in day or hour, and p is the pressure difference in bar. Typical units 
of measurement are gallons per square foot per day per bar (i.e. GFD or GSFD) or liters per 
square meter per hour (L/m2 h bar). 
Permeate concentration. For the salt solutions to maintain electrical neutrality 107-109, the cations 
and anions of the salt transported in a stoichiometric ratio from feed to permeate solution. This is 
confirmed by atomic absorption spectroscopy (AAS) analysis of the amount of Na+ and Cl- ions 
in the permeated solution. Thus, for inorganic salt solution, the measured ionic conductivity 
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variations of permeate solutions were converted to salt concentrations based on molar 
conductivity calculations. Molar conductivity is defined as the conductivity of an electrolyte 
solution divided by the molar concentration of the electrolyte, which is given by Λm =
κ
c
, where 
κ is the measured conductivity, and c is the electrolyte concentration. Thus, the electrolyte 
concentration can be obtained as c =
κ
Λm
, in which the molar conductivities of all the salt 
solutions at different concentrations were taken from literature110, 111. Then the ion permeation 
rate, J, was calculated by the classical diffusion equation: J = Veff × c/(Aeff ×t), where Veff is the 
effective volume of the solution on the permeate side; c is calculated permeation concentration 
across the membrane; Aeff is the effective area of separation membrane; t is the diffusion time. 
The ion permeability of Ti3C2Tx membranes was compared with the values for GO membranes. 
For organic dye solutions, the concentrations of influent and effluent were measured by UV-vis 
spectroscopy. By comparing the peak intensity of dye (MB) solutions, the rejection rates to dye 
molecules of Ti3C2Tx membranes were obtained.  
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CHAPTER 3: MXENE FILMS AND PROCESSING 
 
 
3.1 MXene Ti3C2Tx films 
3.1.1 Ti3C2Tx flake and film synthesis 
Delamination of any 2D material is a necessary step in exploring its properties in the 2D state and 
film preparation. Multilayered MXenes have stronger interlayer interactions than graphite and 
bulk MoS2, and thus simple mechanical exfoliation provides low yield of single layers of MXene. 
Only two reports showed the exfoliation of ML-MXene into single flakes using adhesive tape, 
and others have been delaminated via vibration of intercalated MXene. The HF-etched MXenes 
can be intercalated with various polar organic molecules, such as DMSO or large organic base 
molecules, such as tetrabutylammonium hydroxide (TBAOH). Intercalation with these molecules 
weakened the bonds between MXene layers, and sonication in water yielded a colloidal solution 
of single and few-layered MXenes, which process is called delamination. M. Ghidiu et al. showed 
that for MXene etched with acid environment containing a fluoride salt (HCl/LiF), no additional 
intercalation was needed to realize delamination, because the etched MXene was already 
intercalated with metal cations and water during etching.39 Delamination of MXenes can be 
achieved by even mild mechanical vibration (eg. hand shaking the solution, reported by M. 
Alhabeb et al.) using a modified method.112 This method provided excess of Li+ ions for 
intercalation and the HCl to LiF ratio was doubled to facilitate aluminum etching. 
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Figure 28 a) Particle size distribution in aqueous colloidal solution; inset shows Tyndall 
scattering effect in the solution. (b) SEM image of Ti3C2Tx flakes on an alumina membrane. 
Adapted from Ref 42, 90. 
 
 
The MXene flakes were well dispersed in water, and do not aggregate owing to the negative zeta 
potential of the MXene flakes. The ζ-potential of the as-produced Ti3C2Tx colloidal solution was 
measured to be –39.5 mV. Thus, the Ti3C2Tx colloidal solution showed Tindall effect under laser 
in Figure 28. The Ti3C2Tx flakes are one (single-layer) to several (few-layer) nanometers thick as 
shown by TEM and AFM images (Figure 29 and 30). Their lateral sizes ranged from hundreds of 
nanometers to several micrometers, depending on the preparation which will be discussed later. 
SEM of the as-produced delaminated Ti3C2Tx showed single layered MXene sheets with lateral 
sizes reaching over 2 µm (Figure 28B). The few-layer flakes in Figure 29B may result from 
restacking of the flakes during drying. 
 
A 
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Figure 29 TEM images of A, single-layer and B, three-layer Ti3C2Tx flakes. Adapted from Ref 39. 
 
 
 
Figure 30 A, B, AFM image of the Ti3C2Tx flakes deposited on Si/SiO2 and C, D, AFM height 
profiles measured along the marked lines.112 
 
 
With the exception of graphene4, 6, 81, 85, at the time I started this research, few 2D materials have 
been made into highly flexible freestanding films with good electrical conductivities. Other 2D 
materials have been made into freestanding hybrids by the addition of conductive CNTs or 
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graphene19. However, Ti3C2Tx flakes can be easily assembled into additive-free, flexible, and 
freestanding Ti3C2Tx films by simple VAF as described in the Materials and Method section. 
Besides VAF, MXene films can be also fabricated by other researchers via methods such as spray 
coating, spin coating, and ultrathin (as thin as 19 nm) ones can be obtained by directly selective 
etching Al from sputter deposited epitaxial Ti3AlC2 films in aqueous HF or NH4HF240. Flexible 
and conductive Ti3C2Tx films with thickness from 5 μm to 75 μm can be obtained by simple 
rolling clay-like ML-Ti3C2Tx etched by LiF/HCl to various shapes39. 
In short summary, delamination of the multi-layered materials into single- or few-layer 
nanosheets dramatically increases the accessible surface. In addition, the dispersion of MXene 
flakes in water facilitated the processing and controlled stacking of MXene flakes into MXene 
films with various structures. 
3.1.2 Physical properties of Ti3C2Tx films 
The morphologies of the as-fabricated, additive-free, freestanding Ti3C2Tx films are shown in 
Figure 31. The surface of Ti3C2Tx films was smooth and homogenous without obvious pinholes. 
The films' thickness can be easily tailored from as thin as hundreds of nanometers to as thick as 
30 µm by controlling the MXene content in the filtered solution. For example, two films with 
thickness of 0.8 and 13 µm are shown in Figure 31. Cross-sectional SEM images of the films 
reveal a well-aligned layered structure throughout the entire film (Figure 31c,d). Freestanding and 
highly flexible films < 1 µm are also readily fabricated. Such thin freestanding and conductive 
films built of 2D layers, that can be manufactured in aqueous environments and do not require 
any post-treatment but drying, are quite unique. All of the fabricated films are quite flexible and 
can be readily folded into various shapes, such as a cylinder or airplane without observable 
damage (Figure 32, 33)113. 
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Figure 31 Top-down SEM images of a Ti3C2Tx film at high (a), and low (b), magnifications. (c), 
(d) Cross-sectional SEM images of Ti3C2Tx films with two different thickness.  
 
 
The electrical conductivities of the Ti3C2Tx films prepared by HF etching and 5-h sonication - 
determined by a standard four-probe technique - are of the order of 2400 S/cm; a value that is 
several times higher than that of graphene or CNT "paper" 33, 54, 114. Note that since the contact 
resistance between flakes cannot be eliminated, much higher conductivities can be expected for a 
Ti3C2Tx single-layer. Indeed, colleagues in our group have shown that the conductivity of Ti3C2Tx 
epitaxial thin film with a nominal thickness of 28 nm was measured to be 4300 S/cm40. 
Collaborators with our group showed that the spin-coated MXene films have higher electrical 
conductivity of 6500 S/cm, for the MXene layered are more aligned in films under shearing force 
during synthesis115. 
0.8 m 
12.6 m 
(c) 
(d) 
(a) 
(b) 
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In addition to being highly conductive, the films are hydrophilic. When a water drop was placed 
on a Ti3C2Tx film from HF method, the contact angle was 35o (Figure 32D), similar to cold-
pressed Ti3C2Tx multi-stacked particles44. There is thus no doubt that Ti3C2Tx surfaces are 
hydrophilic. Furthermore, unlike GO6, the assembled films did not soften, break up, or dissolve 
even when stored for over a month in water, and remained intact even while being shaken (see 
movie 113).  
 
 
Figure 32 Appearance, flexibility, and contact angle of 3 µm thick Ti3C2Tx films. (A) A digital 
image of a freestanding Ti3C2Tx film with diameter of 40 mm. (B) To demonstrate the mechanical 
flexibility, a film was folded into the shape of a paper airplane. (C) Typical cross-sectional SEM 
image of a Ti3C2Tx film showing its layered structure of well-stacked Ti3C2Tx flakes. (D) Digital 
image of a water drop on a Ti3C2Tx film. The contact angle was measured to be 35°. Adapted 
from Ref 90. 
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This hydrophilicity and water stability cannot be overemphasized since it implies that – as shown 
herein - aqueous environments can be used throughout processing. It also augurs well for the use 
of MXene in applications where water is involved, such as membrane separation and desalination. 
Another unique physical property of MXene Ti
3
C
2
T
x
 films is their high density as a carbide 
material. The densities of Ti
3
C
2
T
x
 films are in the range of 3.1 to 3.9 g/cm3,90 based on the 
stacking structure and size of Ti
3
C
2
T
x
 flakes. These densities are 2~4 times of those of carbon 
material (porous carbon, 0.5–1 g/cm3). This high density enable the Ti
3
C
2
T
x
 films to outperform 
in case of performance per volume55. 
Mechanical properties of the Ti3C2Tx films 
As noted above, the Ti3C2Tx films had sufficient mechanical strength for handling. The tensile 
strengths of a ~3.3 µm thick Ti3C2Tx film was 22±2 MPa, with a Young’s modulus of 3.5±0.01 
GPa. These values are comparable with reported GO paper and CNTs based “bucky” paper6, 78, 
but the Ti3C2Tx film has much better conductivity.  
Hollow cylinders, made by rolling Ti3C2Tx based films with the thickness 4-5 µm and connecting 
the overlapping edges by PVA, were also quite mechanically robust. For example, a hollow 
Ti3C2Tx cylinder, 6 mm in diameter and 10 mm high, can support about 4000 times its own 
weight (corresponding stress of ≈ 1.3 MPa) without visible deformation or damage as shown in 
Figure 33.  
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Figure 33 The 6-mm-diameter and 1-cm-high hollow cylinder of a Ti
3
C
2
T
x 
film (weighing 6.18 
mg, and 5 μm thick), can support ∼4,000 times its own weight. 
 
 
3.2 Stacking structure control of MXene films 
A typical XRD pattern of the Ti3C2Tx film (Figure 34) clearly show the (000l) peaks, and that the 
non-basal peak at ~60  vanished. These features evidenced that the orders along all directions 
were lost, except the (000l) directions, and consequently proved the full delamination of MXene. 
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Figure 34 Typical XRD pattern of a Ti3C2Tx film. 
 
 
One way to control the structure of films is to control the component, the basic building blocks 
Ti3C2Tx nanosheets, whose size and thickness affect the compact structure and SSA of the films. 
The most studied Ti3C2Tx films in this thesis are composed mostly of single-layer Ti3C2Tx sheets 
with thickness on the order of 1 nm and lateral sizes on the order of hundreds of nanometers to 
several microns as shown in Figure 35B, and they are selected out by 3500 rpm centrifugation 
after 4 h sonication by the HF method42. By only changing the sonication time and centrifugal 
speed, the nanosheets with different lateral size and thickness was selected. In Figure 35C, the 
nanosheets after 2hrs sonication are found to be 3-4 times larger than after 4 h sonication 
(selected by 3500 rpm centrifugation). The nanosheets selected by 1000 rpm centrifugation after 
4 h sonication were obvious thicker (few layers) than those selected by 3500 rpm. Our initial 
results show the capacitive performance of the films composed of larger and thicker nanosheets 
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was not as good as the films of smaller and thinner nanosheets. This was contributed to lower 
accessibility to electrolyte and lower surface area of the larger and thicker flakes. For the similar 
reason, the ion selectivity of these two films must be different, similar to the case of GO films80. 
More details about the synthesis and properties of MXene films of flakes of different sizes will be 
discussed in the following. 
 
Figure 35 A) SEM image of multilayered Ti3C2Tx particles after HF etching. SEM images of 
Ti3C2Tx nanosheets supported on alumina B) selected by 3500 rpm centrifuge after 2 h ultra-
sonication; C) selected by 3500 rpm centrifuge after 4 h ultra-sonication; D) selected by 1000 
rpm centrifuge after 4 h ultra-sonication. 
 
 
Another parameter affecting the stacking order of Ti3C2Tx film was the filtration speed, meaning 
how fast certain loading of Ti3C2Tx nanosheets were filtered into films. We found at lower 
vacuum pressure or for lower concentration of Ti3C2Tx nanosheets suspension, it took longer time 
65 
 
to filter same amount of Ti3C2Tx nanosheets. Then the stacking structure of the film was more 
compact and orderly, as compared of Figure 36B to A. 
 
 
Figure 36 Appearance, flexibility, and contact angle of 3-μm-thick Ti3C2Tx films. Cross sectional 
SEM images of Ti3C2Tx films A, filtered under 90 kPa pressures; B, filtered under 10 kPa. 
 
 
3.3 Flake size control of MXene films 
To break down particles and reduce their sizes in control, one easy way is to control the input of 
sonication mechanical energy. In this regard, sonication methods were utilized to control the 
lateral size of Ti3C2Tx MXene flakes to render the studies on their size-dependent physical, 
electronic, and electrochemical properties. 
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In the most simplistic manner, sonication with different time and power was used directly to 
break apart flakes in solution due to the input mechanical energy, producing decreased average 
sizes compared to the as-synthesized solution. Depending on the sonication time and power, the 
MXene solutions obtained by LiF/HCl etching and bath sonication at 100 W for 0.25, 1.5, 3 h are 
denoted as BS-0.25, BS-1.5, and BS-3.0, respectively. The MXene solution without sonication is 
denoted as BS-0, and the one obtained by probe-sonication at 250 W for 1 h is denoted as PS-1.0. 
Figure 37 shows the TEM images and distribution of flakes by percentage of MXene solutions 
obtained by varying the sonication time and power. The lateral size of MXene flakes in the BS-0 
ranges from 1.0 to 10.0 µm, with an average size of 4.4 µm (Figure 37). Just after 0.25 hours of 
sonication (BS-0.25), polydisperse flakes are reduced to smaller, more monodisperse flakes 
ranging from less than 0.5 to 2.5 µm, with an average size of 1.0 µm. As expected, when bath 
sonication time is increased, particles continue to decrease in size to below 1 µm. The average 
flake sizes for BS-1.5 and BS-3.0 are 0.35 and 0.57 µm, respectively (Figure 37c and d). By 
introducing more power, probe sonication methods produce the smallest and most monodisperse 
flakes (<0.5 µm), revealing an average size of ~0.13 µm (Figure 37e).  
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Figure 37 Effect of sonication on flake size, structure and properties. Flake size distribution 
(graph) and TEM image (inset) of a) no sonication b) 0.25-h bath sonication c) 1.5-h bath 
sonication d) 3.0-h bath sonication and e) 1.0-h sonication.  
 
 
Throughout the bath and probe sonication processing, the presence of the (0002) peak in the XRD 
spectra reveals the structure of Ti3C2Tx was retained (Figure 38a). The (0002) peaks of Ti3C2Tx 
films were at similar positions around 6.8 , indicating close interlayer spacings despite different 
flake sizes. The flake size matters a lot on the electrical conductivity of filtered MXene films, 
considering that smaller flakes will result in more interfacial resistance between flakes in the 
films and more defects, leading to lower electrical conductivity. This is confirmed by the four-
point probe conductivity measurements of the films of as-produced and sonicated flakes (Figure 
38b). Films made by filtering the largest flakes (BS-0) exhibited the highest conductivity of 4500 
S/cm, whereas the films composed of the smallest flakes (PS-1.0) showed the lowest conductivity 
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of 681 S/cm. Smaller flakes will stack more compactly and occupy smaller slits, and lead to 
increased density, which is also confirmed by density measurements (Figure 38b). 
 
Figure 38 a) XRD patterns of Ti3C2Tx without sonication and various bath sonication times. b) 
Conductivity measurements of films with different densities and sonication times. 
 
 
Portions of Chapter 3 were reprinted from, Z. Ling†, C. E. Ren†, M.-Q. Zhao, J. Yang, J. M. 
Giammarcoa, J. Qiub, M. W. Barsouma, Y. Gogotsi, “Flexible and conductive MXene films and 
nanocomposites with high capacitance”, Proc. Natl. Acad. Sci. USA 111 (2014), pp. 16676–
16681, with permission from National Academy of Sciences90, copyright 2014. 
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CHAPTER 4: ION INTERCALATION AND STRUCTURE CONTROL OF 
MXENE FILMS 
 
4.1 Intercalation of inorganic cations 
Firstly, to shed light on whether the inorganic cations and/or anions intercalated the Ti3C2Tx 
layers (HF etched), four sodium salts with differing anion radii were tested. The results (Table 3) 
showed that the c-LP expansions were comparable and independent on anion radii. However, 
when Ti3C2Tx was treated with different cation sizes while keeping the anion size similar, the c-
LP expansions were different. Furthermore, EDX analysis (Table 4) in SEM of ML-Ti3C2Tx after 
treatment in different sulfate salts, confirmed the presence of the cations while sulfur was not 
detected, confirming that it is the cations that intercalate between the Ti3C2Tx layers.  
 
Table 3 Changes in c-LPs after intercalation of Ti3C2Tx with ions. Value of Δ (third column) 
indicates the increase of the c-LP of Ti3C2Tx after intercalation (second column) compared to 
initial c value of 20.3 Å. 
Intercalant c-LP, Å Δ, Å 
Sodium carbonate 25.3 5.0 
Sodium hydroxide 25.1 4.8 
Sodium citrate 24.9 4.6 
Sodium acetate 24.8 4.5 
Zinc sulfate 21.7 1.4 
Potassium sulfate 21.4 1.1 
Magnesium sulfate 21.3 1.0 
Sodium sulfate 21.0 0.7 
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Table 4 Energy-dispersive X-ray spectroscopy analysis of ML-Ti3C2Tx powder before and after 
intercalation. 
Material 
Atomic % 
Ti C O F 
Cation of 
electrolyte 
S 
Ti3C2Tx 30.0 14.8 16.0 18.9 - - 
Ti3C2Tx + KOH 30.0 21.2 30.9 11.4 3.2 - 
Ti3C2Tx + NaOAc 30.0 16.2 18.2 27.4 5.5 - 
Ti3C2Tx + K2SO4 30.0 17.8 8.4 15.4 1.4 0.0 
Ti3C2Tx + Na2SO4 30.0 17.5 12.9 15.8 1.0 0.0 
Ti3C2Tx + MgSO4 30.0 29.7 17.0 18.5 0.5 0.1 
 
4.2 Electrochemical capacitance of Ti3C2Tx films 
Typically, large SSA materials are needed to obtain large capacitances in carbon materials for 
EDLCs. However, the surface area of Ti3C2Tx film is ~ 98 m2/g, which is quite low42. So if 
double layer capacitance were the only operative mechanism, one would expect a 20 times lower 
capacitance for this material compared to activated graphene1. However, capacitance caused by 
intercalation of cations can exceed double-layer capacitances116, 117, which may also be the case of 
Ti3C2Tx. 
Influence of cation valence on the capacitive performance of Ti3C2Tx films 
To study the effect of a cation’s valence on the electrochemical performance of Ti3C2Tx (HF 
etched) film electrodes, addictive-free, freestanding and flexible Ti3C2Tx films were directly 
tested in 1M KOH, NaAc, MgSO4 or Al2(SO4)3 containing electrolytes using a standard 3-
electrode asymmetrical set-up with an Ag/AgCl reference electrode. The resulting cyclic 
voltammograms, CVs, are shown in Figure 39A. The rectangular shaped CVs indicate capacitive 
behavior. Clearly, the responses in the K+ and Al3+ containing solutions were distinctively 
different, confirming Ti3C2Tx film is selective to cations. The CV plots for KOH are almost 
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perfectly rectangular. Conversely, the CV data for the less conductive Al2(SO4)3 electrolyte yield 
capacitance values that are significantly lower. In order to ensure that lower electrolyte 
conductivity is not limiting the capacitive performance, we tested Ti3C2Tx in 1 M Al(NO3)3 which 
has a conductivity similar to the 1 M KOH. While the normalized capacitance did not increase 
appreciably, the CV loops were more rectangular, demonstrating the role of electrolyte 
conductivity. 
 
 
Figure 39 Electrochemical performance of Ti3C2Tx based supercapacitors in various aqueous 
electrolytes: A, CV profiles in KOH, NaAc, MgSO4 and Al2(SO4)3 containing solutions at 20 
mV/s; B, summary of rate performances in different aqueous electrolytes. 
 
 
Further evidence for cation intercalation and its beneficial effect on capacitance is the observation 
that, for some electrolytes, time was needed to reach a steady state or maximum capacitance. For 
strongly basic electrolytes, such as KOH solutions, the rectangular CV plots were observed 
almost immediately and the capacitances did not change with time or cycle number. For other 
electrolytes, however, there was a slow and gradual increase in capacitance with time. For 
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example, for salts like MgSO4, the CV area increased steadily with time and the maximum 
capacity was only reached after 48 h. 
More impressively, the volumetric capacitance values recorded for Ti3C2Tx films were of the 
order of 340 F/cm3 for KOH (Figure 39B). Those values are dramatically higher than the 60-100 
F/cm3 for activated graphene 1, 118 or 180 F/cm3 for micrometer-thin CDC electrodes119, 300 F/cm3 
for porous carbons. 
In-situ XRD studies during electrochemical cycling 
In-situ XRD studies of the intercalation process during cycling showed that electrochemical 
cycling led to interesting changes in the c-LP. For example, when a Ti3C2Tx electrode was cycled 
in a KOH containing electrolyte, the c values fluctuated within 0.33 Å as the potential was 
scanned from -1 to - 0.2 V (Figure 40A). A slight shrinkage in c-LP was observed with increasing 
V. Almost doubled shrinkage was observed when Ti3C2Tx was cycled in MgSO4 containing 
electrolyte. The simplest explanation for this observation is that the positively charged ions 
incorporated in Ti3C2Tx increase the electrostatic attraction between layers, and voltage increase 
led to the increase of electrostatic attraction, then c-LP shrinkage, in a manner analogous to what 
is observed for MnO2120. 
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Figure 40 Electrochemical in-situ XRD study of multilayer exfoliated Ti3C2Tx in A, 1M KOH 
solution and B, 1M MgSO4 solution. Vertical dashed lines indicate the original position of (0002) 
peak of the Ti3C2Tx electrodes before mounting in a cell. Inclined arrows show the direction of 
(0002) peak shift. Insets illustrate cycling direction and concomitant changes in c-LP during 
cycling. 
 
 
To summarize this section, the above work showed metal cations indeed intercalate into Ti3C2Tx 
films with different dynamics. Single-charged K+ ions readily intercalate into Ti3C2Tx fulfilling 
capacity immediately; while double-charged Mg2+ ions intercalate only after extensively soaking 
or via electrochemical stimulation (applied potential), and bulky ions such as Al3+ intercalate only 
after electrochemical cycling55. The actuation effects of on MXenen layers caused by cations’ 
intercalation are different. Thus, the intercalation of large and multiple-charged cations is 
kinetically hindered. 
Portions of 4.1 and 4.2 were reprinted from M. R. Lukatskaya, O. Mashtalir†, C.E. Ren†, Y. 
Dall’Agnese, P. Rozier, P. L. Taberna, M. Naguib, P. Simon, M.W. Barsoum, Y. Gogotsi, 
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“Cation Intercalation and High Volumetric Capacitance of Two-dimensional Titanium Carbide”, 
Science 341 (2013), pp. 1502-1505, with permission from AAAS: Science55, copyright 2013. 
4.3 Nanocomposites with polymers 
4.3.1 Introducing polymer nanofillers 
As demonstrated above, Ti3C2Tx flakes (HF etched) with ~ 1 nm thickness and micron-sized 
lateral size are ideal for assembly into functional films and incorporation into polymer matrices, 
which may enhance the mechanical strength and electrical conductivity. The introduction of 
polymer is also supposed to increase the interlayer spacing of MXene films which gain better 
accessibility to environment. Herein, two polymers were chosen as the component of composites: 
poly(diallyldimethylammonium chloride) (PDDA) and polyvinyl alcohol (PVA). The former was 
chosen because it is a cationic polymer and the Ti3C2Tx flakes are negatively charged. The PVA 
was chosen for several reasons that include its solubility in water, the large concentration of 
hydroxyl groups along its backbone and its extensive utilization in gel electrolytes and 
composites46, 49, 121, 122. Both Ti3C2Tx/PDDA and Ti3C2Tx/PVA composite films were fabricated 
and characterized. A sketch explaining the route for fabricating MXene-based films and their 
resulting properties is shown in Figure 41. 
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Figure 41 A schematic illustration of MXene-based composite films with adjustable properties. 
 
 
VAF was used to fabricate highly flexible Ti3C2Tx/PDDA and Ti3C2Tx/PVA films. Since the ζ-
potential of the as-produced Ti3C2Tx colloidal solution was measured to be –39.5 mV, the Ti3C2Tx 
surfaces are negatively charged. It is for this reason that the cationic polymer, PDDA was one of 
the first polymers chosen to make nanocomposites. The Ti3C2Tx/PDDA composite films 
assembled by VAF are comprised of orderly stacked layers over the entire film (Figure 42). A 
sharp peak at 4.7o can be observed in the XRD patterns of these composite films indicating the 
ordered stacking of Ti3C2Tx flakes along (0001). Note that the peak shifted to a lower angle 
compared with that of pure Ti3C2Tx films (6.5o), which could be ascribed to the intercalation of 
PDDA molecules between the Ti3C2Tx layers. 
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Figure 42 Flexible freestanding Ti3C2Tx/PDDA films. (A) Schematic illustration of synthesis of 
Ti3C2Tx/PDDA hybrids and their assembled films. (B, C) Cross-sectional SEM images of films at 
different magnifications. (D) Digital image of a film wrapped around a glass rod with a 10-mm 
diameter. The pictures of vials show the solutions during each processing step.  
 
 
Here again, the film thicknesses can also be readily tailored in a range from hundreds of 
nanometers to tens of micrometers. Similar to the pure Ti3C2Tx, films containing PDDA exhibited 
impressive flexibility (Figure 42D) and a conductivity of ~20 S/cm. This observed decrease in 
conductivity compared to the pure Ti3C2Tx films is presumably due to the presence of polymer 
chains between the Ti3C2Tx flakes. 
For reasons outlined above, PVA was the second polymer chosen. The as-fabricated 
Ti3C2Tx/PVA films were also freestanding and flexible. The cross-section of the composites 
shows parallel stacking of Ti3C2Tx flakes. The thicknesses of the composite films increase with 
increasing PVA loading, ranging from 4 to 12 µm, for a given amount of Ti3C2Tx.  
Here again, the (0002) peak shifts towards lower angles, ranging from 4.8° to 6.0° with different 
PVA loadings. Concomitantly, its full width at half-maximum (FWHM) increases, confirming 
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that not only do the distances between the Ti3C2Tx flakes increase, but they become less uniform 
as well (Figure 43A). This is further confirmed by the high-resolution transmission electron 
microscopy (HRTEM) images of Ti3C2Tx/PVA films (Figure 43 B and C). The intercalation and 
confinement of PVA layers can be clearly identified in comparison with pure Ti3C2Tx flakes 
(Figure 43D). Since only single-layer Ti3C2Tx is found in the composites with a high PVA 
content (Figure 43C) we assume that primarily single-layer Ti3C2Tx is present in the colloidal 
solution after delamination. Multilayered flakes observed in pure Ti3C2Tx samples or Ti3C2Tx 
with lower contents of PVA (Figure 43B) may be due to restacking of MXene layers during 
drying. The spacing between the layers increases with increasing amounts of PVA. This allows 
for conductivity control, as the film conductivity decreases with the increasing amount of PVA 
and separation between the Ti3C2Tx flakes (Table 5). Not surprisingly, the electrical conductivity 
of the composites can be tailored in a large range from 224 S/cm to almost zero, depending on the 
PVA content (Table 5).  
 
 
Table 5 Physical properties of Ti3C2Tx, Ti3C2Tx/PVA and PVA films. 
MXene content  
in PVA, % 
Thickness, 
µm 
Conductivity, 
S/cm  
Tensile 
strength, MPa 
Young’s 
modulus, 
GPa 
Strain to 
failure, % 
100 3.3 2402±35 22±2 3.52±0.01 1.0±0.2 
90 3.9 224±14 30.0±3 3.0±0.01 1.8±0.3 
80 6.1 1.37±0.03 25±4 1.7±0.2 2.0±0.4 
60 7.2 1.3×10-2 43±8 1.8 ±0.6 3.0±0.5 
40 12.0  4×10-4  91±10 3.7±0.02 4.0±0.5 
0 13 - 30±5 1.0±0.3 15±6.5 
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Figure 43 Flexible freestanding Ti3C2Tx/PVA and Ti3C2Tx/PVA-KOH films. (A) XRD patterns of 
the Ti3C2Tx and Ti3C2Tx/PVA films. Typical HRTEM image of 90 wt.% Ti3C2Tx/PVA (B) and 40 
wt.% Ti3C2Tx/PVA (C) films showing the intercalation of PVA between Ti3C2Tx flakes. (D) 
Typical HRTEM image of a double-layer Ti3C2Tx. SEM image of Ti3C2Tx/PVA-KOH film (E) 
and elemental maps of potassium (F), oxygen (G), titanium (H) and carbon (I) from same area.  
 
4.3.2 Mechanical properties of the Ti3C2Tx/PVA films.   
As noted above, the Ti3C2Tx films had sufficient mechanical strength for handling. The tensile 
strengths of a ~3.3 µm thick Ti3C2Tx film was 22±2 MPa (Figure 44A and Table 5). These values 
are comparable with reported graphene oxide paper and carbon nanotubes based “bucky” paper6, 
78, but the Ti3C2Tx film has much better conductivity. By introducing 10 wt.% PVA, the tensile 
strength was improved by 34 %. The strength of Ti3C2Tx/PVA film was further improved to 
91±10 MPa, which was about four times larger than pure Ti3C2Tx film, by increasing the PVA 
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loading to 60 wt.% (Figure 44A). The tensile strength of a 13 µm thick PVA film was only 30±5 
MPa (Figure 44A and Table 5).  
The general increase in stiffness and strengths of these films indicates that at least some of the 
stress was transferred to the embedded Ti3C2Tx nanosheets, which in turn implies at least some 
interfacial bonding between the nanosheets and the PVA. The termination of the Ti3C2Tx by OH 
groups most probably played an important role here. In addition, the Young’s modulus of 
Ti3C2Tx/PVA films can be tailored by controlling the Ti3C2Tx to PVA ratio. It should be noted 
that this work is the first on MXene composites of any kind. A detailed study of the effects of 
amount of MXenes added on the mechanical and electrical properties of polymers is ongoing and 
will be reported. 
Hollow cylinders, made by rolling Ti3C2Tx based films with the thickness 4-5 µm and connecting 
the overlapping edges by PVA, were also quite mechanically robust. For example, a hollow 
Ti3C2Tx cylinder, 6 mm in diameter and 10 mm high, was capable of supporting about 4000 times 
its own weight (corresponding stress of ≈ 1.3 MPa) without visible deformation or damage. 
Similarly, a cylinder with the same dimensions - made of 90 wt.% Ti3C2Tx/PVA – easily 
supported ~15,000 times its own weight (corresponding stress of ≈ 2.9 MPa). These results 
suggest that these Ti3C2Tx based films, with impressive conductivities, in general, have sufficient 
tensile and compressive strengths to be used for structural energy storage devices, similar to the 
ones described in Ref 123. 
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Figure 44 Mechanical properties of flexible freestanding Ti3C2Tx, Ti3C2Tx/PVA, and cast PVA 
films. (A) Stress-strain curves for Ti3C2Tx/PVA films with different Ti3C2Tx content. (B) 6 mm 
diameter, 1 cm high cylinder weighing 6.18 mg made from a 35 mm long, 10 mm wide and 5.1 
µm strip of Ti3C2Tx is capable of supporting ~ 4000 times its own weight. (C) 6 mm in diameter, 
10 mm high hollow cylinder, weighing of 4.75 mg, made from a of 35 mm long, 10 mm wide, 3.9 
µm thick, strip of 90 wt.% Ti3C2Tx/PVA is capable of supporting ~15,000 times its own weight. 
The loads used were nickels (5 g), dimes (2.27 g) and 2.0 g weights.  
 
 
4.3.3 Capacitive performance of polymer composites 
Previously we have shown that pure Ti3C2Tx films perform quite well as additive-free electrodes 
in supercapacitors due to the rapid intercalation of cations between the MXene layers 55. As 
shown in Figure 45A, volumetric capacitances of over 300 F/cm3 were achieved for all Ti3C2Tx-
based films tested herein. These values are higher than those reported for activated graphene 
(60~100 F/cm3) 1, CDCs (180 F/cm3) 124 or graphene gel films (≈ 260 F/cm3) 125. The gravimetric 
capacitance of the PDDA-containing film was almost the same as the pure Ti3C2Tx. Because of its 
slightly lower density (2.71 g/cm3), the resulting volumetric capacitance (296 F/cm3 at 2 mV/s) 
for the Ti3C2Tx/PDDA film was slightly lower than that of the pure Ti3C2Tx film (3.19 g/cm3, 
Figure 45A).  
The combination of PVA and KOH is a well-established and widely used gel electrolyte for 
electrical energy storage devices 122, 126. Herein, we introduced KOH into the Ti3C2Tx/PVA films 
to endow them with multi-functionality. No visual changes were observed after the introduction 
of KOH (Figure 43E). EDS mapping shows a homogeneous dispersion of potassium across the 
Ti3C2Tx/PVA-KOH film (Figure 43F-I). The conductivity of this film is 112 S/cm. The PVA 
between the Ti3C2Tx flakes is expected to prevent the restacking of flakes and improve ionic 
transport and access to MXene.  
81 
 
And while adding PDDA to Ti3C2Tx did not greatly affect the volumetric capacitance, mixing it 
with PVA-KOH gel electrolyte resulted in a dramatic increase in the volumetric capacitances. 
The resulting capacitances were 528 F/cm3 at 2 mV/s, and over 300 F/cm3 at 100 mV/s (Figure 
45A). Interestingly, at 3.17 g/cm3, the density of a 10 wt.% PVA composite was quite close to 
that of the pure Ti3C2Tx film (3.19 g/cm3).  
Typical CV of Ti3C2Tx, Ti3C2Tx/PDDA and Ti3C2Tx/PVA-KOH films are shown in Figure 45B. 
At higher negative potentials (- 0.75 to - 0.4 V vs. Ag/AgCl), the behavior of all films is 
comparable. However, in the lower potential range (-1.0 to -0.75 V vs Ag/AgCl – separated by a 
dashed orange line in Figure 45B), the capacitances of the Ti3C2Tx/PVA-KOH films were 
significantly higher - at 2 mV/s - than the other two. This almost 80% enhancement in 
capacitance may be due to an enlarged interlayer space between MXene flakes due to the 
intercalation of PVA, improving access to deep trap sites (Figure 45C). The improvement in ionic 
conductivity must also play a role.  
Although the composite films had lower electrical conductivities measured in 4-point tests 
compared with the pure Ti3C2Tx film, the EIS results indicate only a slight increase in resistivity 
for Ti3C2Tx/PDDA and Ti3C2Tx/PVA-KOH films (Figure 45D). The latter exhibited a slight 
decrease in capacitance over 10,000 cycles at 5 A/g (Figure 45E). However, at 314 F/cm3, the 
volumetric capacitance at the end of the 10,000 cycles was still quite respectable, indicating 
sufficient cyclic stability.  
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Figure 45 Capacitive performance of Ti3C2Tx, Ti3C2Tx/PDDA and Ti3C2Tx/PVA-KOH films. (A) 
Volumetric capacitances at different scan rates. (B) CV curves obtained at a scan rate of 2 mV/s. 
(C) HRTEM image showing the cross section of Ti3C2Tx/PVA-KOH film. (D) Nyquist plots for 
film electrodes. (E) Cyclic stability of Ti3C2Tx/PDDA and Ti3C2Tx/PVA-KOH electrodes at a 
current density of 5 A/g. Inset shows last three cycles of Ti3C2Tx/PVA-KOH capacitor. All 
electrochemical tests were conducted in a 1 M KOH electrolyte, using three-electrode Swagelok 
cells with over-capacitive activated carbon and Ag/AgCl as counter and reference electrodes, 
respectively.  
 
 
To summarize this section, Ti3C2Tx flakes by themselves, or when mixed with polymers, produce 
multi-functional films with attractive mechanical and electrochemical properties. Both, pure 
Ti3C2Tx and Ti3C2Tx/polymer composite films, with excellent conductivities, controlled 
thicknesses and excellent flexibility, were fabricated. The mechanical strength of the Ti3C2Tx-
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based PVA composite films was much improved compared to their pure Ti3C2Tx or PVA 
counterparts.  
When used as electrode for supercapacitors, the composite films exhibited impressive volumetric 
capacitance in KOH electrolyte. Values as high as 528 F/cm3 at 2 mV/s and 306 F/cm3 at 100 
mV/s were measured. The films also showed good cyclability. These values underscore the great 
potential of using MXenes in supercapacitor electrodes. Clearly the films made here have a very 
useful combination of properties. 
Portions of 4.3 were reprinted from, Z. Ling†, C. E. Ren†, M.-Q. Zhao, J. Yang, J. M. 
Giammarcoa, J. Qiub, M. W. Barsouma, Y. Gogotsi, “Flexible and conductive MXene films and 
nanocomposites with high capacitance”, Proc. Natl. Acad. Sci. USA 111 (2014), pp. 16676–
16681, with permission from National Academy of Sciences90, copyright 2014. 
4.4 Nanocomposites with carbon nanomaterials 
Though the 2D stacking structure ensured the high flexibility of MXene papers, the restacking of 
the ≈ 1 nanometer-thin MXene flakes in the films created orderly aligned walls between 
electrolyte ions and deeper MXene sites. Only after passing long diffusion paths can the 
electrolyte ions fully reach the MXene layers for energy storage. Polymer increased the interlayer 
spacing yet didn’t offer free pathways between Ti3C2Tx layers, thus carbon nanomaterials with 
looser structure was the next to composite with MXene (HF etched). 
4.4.1 Alternating filtration of Ti3C2Tx and CNTs 
In this part of work, a simple route for the fabrication of flexible, sandwich-like MXene/CNT 
composite paper electrodes through alternating filtration of MXene and CNT dispersions was 
used. Films containing OLC and rGO were compared to those with CNTs. The sandwich-like 
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electrodes exhibited significantly improved electrochemical performance compared to those of 
pure MXene and randomly mixed MXene/CNT papers. 
Figure 46 schematically illustrates the procedure used herein to prepare sandwich-like 
MXene/CNT composite electrodes. First, a thin continuous layer of MXene flakes is formed by 
vacuum-assisted filtration of a colloidal solution containing delaminated suspended Ti3C2Tx 
flakes, then a CNT layer is deposited on top of it, and the process is repeated several times in an 
alternating manner to produce composite paper electrodes. For the sake of comparison, a 
randomly mixed MXene/CNT assembly was prepared by direct vacuum-assisted filtration of 
mixed MXene and CNT dispersions as shown in Figure 47. 
 
  
Figure 46 (a) Schematic showing the preparation of the sandwich-like MXene/CNT papers used 
herein; (b) Digital photograph showing a flexible and freestanding sandwich-like MXene/CNT 
paper and, (c) wrapping of latter around a 5-mm diameter glass rod. 
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Figure 47 Schematic showing steps used for the preparation of the randomly mixed Ti3C2Tx/CNT 
composite paper. 
 
 
All as-fabricated MXene/CNT films are easily detachable from the filter membranes, resulting in 
large, freestanding papers, with thicknesses ranging from 2 to 3 μm (Figure 46b). Additionally, 
these papers can easily be wrapped around glass rods, 5 mm in diameter, without noticeable 
damage to their structure, indicating their flexibility and durability (Figure 46c). Both SWCNTs 
and MWCNTs as shown in Figure 48 were employed. In order to minimize the capacitive 
contributions from the CNTs and their effect on the MXene paper's density, the CNT content was 
limited to 5 wt.%.  
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Figure 48 TEM and HRTEM (insets) images of, (a) SWCNTs and, (b) MWCNTs used. 
 
 
Table 6 summarizes the c-LPs, densities and conductivities of samples tested herein. It is clear 
that pristine Ti3C2Tx paper is the most compact, with a density of 3.2 g/cm3. This hinders full 
access of the electrolyte ions between the Ti3C2Tx flakes, which in turn limits its electrochemical 
performance (Figure 49a). The anticipated increase in spacing between the Ti3C2Tx flakes was 
observed after the incorporation of the CNTs into the Ti3C2Tx papers (Figure 49b and c). 
Compared to the randomly mixed MXene/CNT composites (Figure 50), the sandwich-like paper 
possessed a more ordered structure, in which the sandwich-like superposition of the MXene and 
CNT layers can be clearly seen (Figure 49d). 
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Figure 49 Cross-sectional SEM images of (c) pure Ti3C2Tx, (d) sandwich-like Ti3C2Tx/SWCNT 
and, (e, f) Ti3C2Tx/MWCNT papers. 
 
 
 
Figure 50 Cross-sectional SEM images of randomly mixed a) Ti3C2Tx/SWCNT and b) Ti3C2Tx/ 
MWCNT papers. 
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Table 6 Characteristics and volumetric capacitances of the flexible Ti3C2Tx and 
Ti3C2Tx/nanocarbon papers. 
Samples c-
LPs 
(Å) 
Density 
(g/cm3) 
Conduct
ivity (S 
cm-1) 
Volumetric 
capacitance 
(F/cm3) at  
2 mV s-1 
Volumetric 
capacitance 
(F/cm3) at 
200 mV s-1 
Ti3C2Tx 24.1 3.2 123 360 162 
Mixed Ti3C2Tx/SWCNT 26.9 3.0 286 300 236 
Sandwich-like 
Ti3C2Tx/SWCNT 
26.7 2.9 385 390 280 
Mixed Ti3C2Tx/MWCNT 28.4 2.2 189 366 236 
Sandwich-like 
Ti3C2Tx/MWCNT 
28.5 2.7 230 321 250 
Sandwich-like 
Ti3C2Tx/OLC 
\ 3.0 88 397 218 
Sandwich-like 
Ti3C2Tx/rGO 
\ 3.0 350 435 320 
 
 
Notably, the XRD patterns revealed an increase in the c-LP of the MXenes, which is related to 
the distances between Ti3C2Tx layers, after the incorporation of CNTs into the MXene papers 
(Figure 51 and Table 6). The (0002) peak in the XRD pattern of Ti3C2Tx paper shifted from 7.4 o 
to 6.5o for the sandwich-like Ti3C2Tx/SWCNT paper, indicating an increase in c-LP from 24.1 to 
26.7 Å.42 The mixed Ti3C2Tx/SWCNT paper possessed a similar c-LP (26.9 Å) as that of the 
sandwich-like structure. The c-LPs for the mixed and sandwich-like Ti3C2Tx/MWCNT papers 
further increased to 28.4 and 28.5 Å, respectively. Such a small increase in the c-LPs (<5 Å) 
cannot be a result of CNT intercalation between Ti3C2Tx layers. However, we still can conclude 
that the incorporation of CNTs into Ti3C2Tx paper not only provided additional and faster 
diffusion paths for electrolyte ions, but also led to enlarged interlayer space between the Ti3C2Tx 
flakes for cation intercalation. Therefore, the Ti3C2Tx/CNT composite papers were expected to 
exhibit an improved rate performance, when employed as supercapacitor electrodes. 
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Figure 51 XRD patterns of Ti3C2Tx and Ti3C2Tx/CNT composite papers. 
 
 
4.4.2 Capacitive performance of carbon composites 
To evaluate the electrochemical performance of the Ti3C2Tx and Ti3C2Tx/CNT papers, they were 
tested as working electrodes in 1 M MgSO4 aqueous electrolyte solution using a three-electrode 
asymmetrical setup with an Ag/AgCl reference electrode. MgSO4 is a benign and inexpensive 
neutral electrolyte that provides a broader voltage window compared to KOH. However, it has a 
rather low conductivity (51 mS cm-1) and a stronger decline in capacitance at high rates compared 
to KOH.55 Thus, the improvement in the electrochemical and rate performances was anticipated 
to be more dependent on the electrode composition and its structure. 
The CVs of the composites and pristine Ti3C2Tx MXene electrodes are shown in Figure 52a and b. 
From these results, the shape of the CV profiles at 20 mV/s for all Ti3C2Tx/CNT papers is more 
rectangular compared to the pure Ti3C2Tx paper electrodes, indicating improved capacitive 
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behavior and decreased resistance. It is worth noting that for both MWCNT- and SWCNT-
containing composites, the electrochemical performance of the sandwich-like Ti3C2Tx/CNT 
papers was slightly better than that of the randomly mixed ones. A similar trend was also 
observed in the rate performances of these electrode materials (Figure 52c). All the Ti3C2Tx/CNT 
papers exhibited significantly higher gravimetric capacitances and better rate performances than 
pure Ti3C2Tx papers; the best values were obtained from the sandwich-like papers. A capacitance 
of 150 F/g was achieved for the Ti3C2Tx/MWCNT papers at 2 mV s-1. Even at a rate of 200 mV s-
1, a capacitance of 117 F/g was measured, which is about 130 % higher than that of Ti3C2Tx paper 
at the same rate. 
Although the density of the electrodes decreased slightly with the incorporation of the CNTs 
(Table 6), higher volumetric capacitances were still obtained for the sandwich-like Ti3C2Tx/CNT 
electrodes, especially at high scan rates. At 2 mV s-1, a maximum volumetric capacitance value of 
390 F/cm3 was achieved for the sandwich-like Ti3C2Tx/SWCNT electrodes. At a scan rate as high 
as 200 mV s-1, the volumetric capacitances of the sandwich-like MWCNT- and SWCNT-
containing papers were 250 and 280 F/cm3, respectively, which are 55 and 75 % higher than those 
of the pure Ti3C2Tx electrodes. 
These results demonstrate a significant improvement in volumetric capacitance and excellent rate 
performance of the sandwich-like Ti3C2Tx/CNT electrodes. This improvement can be partially 
attributed to the fact that the electrical conductivity of the sandwich-like structures is better than 
that of both the pure Ti3C2Tx paper and the mixed assemblies. For instance, at 385 S cm-1, the 
conductivity of the sandwich-like Ti3C2Tx/SWCNT paper was higher than the 123 S cm-1 of pure 
Ti3C2Tx or 286 S cm-1 of the randomly mixed Ti3C2Tx/SWCNT papers. The same is true for the 
Ti3C2Tx/MWCNT composite paper. 
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Figure 52 (a, b) CV profiles of the Ti3C2Tx and Ti3C2Tx/CNT composite electrodes at a scan rate 
of 20 mV s-1; (c) Gravimetric capacitances and, (d) volumetric capacitances of Ti3C2Tx and 
Ti3C2Tx/CNT electrodes at different scan rates. All tests were conducted in a 1 M MgSO4 aqueous 
solution. 
 
 
The galvanostatic cycling performance for the sandwich-like Ti3C2Tx/CNT papers is shown in 
Figures 53a and b. The sandwich-like Ti3C2Tx/SWCNT paper yielded a volumetric capacitance 
around 345 F/cm3 at 5 A/g, with no degradation after 10,000 cycles. For the sandwich-like 
Ti3C2Tx/MWCNT paper, a volumetric capacitance of 300 F/cm3was achieved even at current 
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densities as high as 10 A/g. Moreover, this value increased even further to around 350 F/cm3 after 
10,000 cycles. This increase in capacitance after cycling can be attributed to the gradually 
improved accessibility of slits between MXene flakes during cycling.55 Said otherwise, even in 
this architecture, there is room for further improvement. 
 
Figure 53 Cycling stability of, (e) sandwich-like Ti3C2Tx/SWCNT electrode at 5 A/g and, (f) 
Ti3C2Tx/MWCNT electrode at 10 A/g. All tests were conducted in a 1 M MgSO4 aqueous 
solution. 
 
 
As noted above, sandwich-like architectures - composed of 1D and 2D nanomaterials, typically 
fabricated using layer-by-layer (LbL) assembly processes - have been demonstrated to generate 
excellent electrochemical performances.127-129 The same is true herein; all the results show that the 
sandwich-like architecture results in electrode materials with high volumetric capacitances, 
excellent rate performances and cycling stabilities. The volumetric capacitances in the sandwich-
like Ti3C2Tx/CNT paper are significantly higher than those from carbon-based electrodes, such as 
activated carbons (60-100 F/cm3),1, 28, 118 CDCs (180 F/cm3),124 graphene-based electrodes (~260 
F/cm3),125 and graphene/CNT nanocomposites (165 F/cm3),130 especially at high rates. LbL 
assembly is the most developed technique for sandwich-like assembly of nanomaterials. 127-129 
(a) (b) 
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Herein, the method of alternating filtration of colloidal solutions was used, which does not require 
functionalization of the materials. Besides, films of several micrometers in thickness could be 
fabricated in tens of minutes – much faster than in the conventional LbL process.131 Our method 
is thus simpler and faster, yet effective, compared to LbL 128, 129, 131-134, even though LbL may lead 
to a more controlled structure and provide further improvement in properties of MXene-based 
nanocomposites. Spray deposition may also be used to produce similar films in large scale and 
with a larger thickness.135, 136 
Ti3C2Tx composites with other carbon nanomaterials 
To demonstrate the generality of our alternating filtration method to produce sandwich-like 
structures with impressive electrochemical energy storage characteristics, sandwich-like 
assemblies of Ti3C2Tx flakes with 0D OLC and 2D rGO (Figure 54) were prepared and tested. As 
shown in Figure 55a and b, both sandwich-like Ti3C2Tx/OLC and Ti3C2Tx/rGO papers, 
respectively, possessed more open structures compared to pure Ti3C2Tx papers. The same 
conclusion can be reached when the densities are compared (Table 6).  
 
 
Figure 54 TEM images of OLCs and rGO used in this work. Inset shows a higher magnification 
image of a rGO sheet. 
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Figure 55 (a) SEM images showing the cross-section of the sandwich-like Ti3C2Tx/OLC and, (b) 
Ti3C2Tx/rGO paper. 
 
 
The CV plots of these materials are shown in Figure 56a. Although a higher capacitance was 
achieved for the sandwich-like Ti3C2Tx/OLC electrodes, the shapes of their CV profiles were 
comparable to those of their pure Ti3C2Tx counterparts. This can be explained by the fact that the 
OLCs only served as spacers between Ti3C2Tx flakes, yet their small quantity (5 wt.%) was not 
enough to create a proper conductive network between the Ti3C2Tx layers to improve the 
conductivity of the composite paper (88 S cm-1, Table 6). Similar to CNTs, rGO can easily form a 
conductive network and enlarge the interlayer space between Ti3C2Tx flakes simultaneously. As a 
result, the sandwich-like Ti3C2Tx/rGO electrodes possessed a significantly higher capacitance and 
more rectangular-shaped CV profiles (Figure 56a and b). 
These observations were further confirmed by the excellent rate performance of these materials 
shown in Figure 56b. Compared to pure Ti3C2Tx, the sandwich-like Ti3C2Tx/OLC electrodes 
possessed slightly higher volumetric capacitances, without significant improvement in their rate 
performances. However, both the capacitive and rate performances were significantly improved 
for the sandwich-like Ti3C2Tx/rGO papers. A high volumetric capacitance of 435 F/cm3 was 
obtained at 2 mV s-1. When the scan rate was increased to 200 mV s-1, the capacitance dropped by 
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26% to 320 F/cm3. Furthermore, the sandwich-like Ti3C2Tx/rGO electrodes also exhibited 
excellent cycling stability. At 10 A/g, their volumetric capacitance increased from 340 to 370 
F/cm3over 10,000 cycles. The comparison of the EIS results of the tested materials is shown in 
Figure 56d. It further confirms the significantly reduced resistivity for the sandwich-like 
Ti3C2Tx/nanocarbon composites compared to the Ti3C2Tx papers, with the Ti3C2Tx/CNT 
composites showing the highest conductivity. 
 
Figure 56 (a) CV profiles of the Ti3C2Tx/rGO and Ti3C2Tx/OLC electrodes at a scan rate of 20 
mV s-1; (b) Volumetric capacitance of Ti3C2Tx, Ti3C2Tx/OLC and Ti3C2Tx/rGO electrodes at 
different scan rates; (c) Cycling stability of Ti3C2Tx/rGO paper at 10 A/g; (d) EIS results of the 
samples tested. All tests were conducted in a 1 M MgSO4 aqueous solution. 
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In summary, we developed a simple, alternating filtration, method to achieve the sandwich-like 
assembly of MXenes and CNTs from aqueous suspensions. The resulting MXene/CNT papers are 
freestanding and highly flexible. When employed as electrode materials in supercapacitors, the 
sandwich-like MXene/CNT papers exhibited significantly higher volumetric capacitances and 
excellent rate performances compared to pure MXene and randomly mixed MXene/CNT papers. 
A high volumetric capacitance of 390 F/cm3 was measured for the sandwich-like 
MXene/SWCNT papers at a scan rate of 2 mV s-1. At 5 A/g, the sandwich-like MXene/CNT 
paper exhibited a volumetric capacitance around 350 F/cm3, with no degradation after 10,000 
cycles. The performances reported herein can certainly be improved further by optimizing the 
structure of the composites, such as the MXene compositions, the MXene to CNT mass ratios, 
and the thicknesses of MXene and CNT layers. 
The properties of these sandwich-like MXene/CNT papers, such as good electrical conductivities, 
high surface areas accessible to ions and mechanical robustness, suggest their promising 
applications in other electrochemical energy storage and generation devices, including Li-ion 
batteries and fuel cells as well as desalination systems and electrochemical actuators. Furthermore, 
the strategy proposed in this work was also applied for 0D OLCs and 2D rGO, leading to the 
formation of flexible and freestanding sandwich-like MXene/OLC and MXene/rGO papers also 
with impressive electrochemical performance. The sandwich-like MXene/rGO papers yielded a 
high volumetric capacitance of 435 F/cm3 and exhibited excellent cycling stability. 
4.4.3 Other carbon nanomaterials composites 
As an extension of the composites research, Ti3C2Tx was composited with transition metal oxides 
(TMOs, e.g. Co3O4 and NiCo2O4) or CNTs by self-assembly method, which was studied together 
with Meng-Qiang Zhao, and Xiuqiang Xie etc. The Ti3C2Tx/TMOs hybrid films (Figure 57) were 
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used directly as anodes for Li-ion batteries, and successfully combined the metallic conductivity 
of Ti3C2Tx and high capacities of TMOs, showing excellent electrochemical performance for Li-
ion storage. 
 
 
Figure 57 a) Cross-sectional SEM image of Ti3C2Tx/Co3O4 film. b), Top view and c) cross-
sectional SEM images of self-assembled Ti3C2Tx/CNT. 
 
 
For the Ti3C2Tx/CNTs composites, a simple and facile self-assembly method was used to get 
more homegeous dispersion of MXene between CNTs in a porous structure. Firstly, positively 
charged CNTs were prepared by grafting a cationic surfactant cetyltrimethylammonium bromide 
(CTAB) on their surface. Then heterostructured hybridization was realized by electrostatic 
attraction between negatively charged MXene nanosheets and positively charged CNTs as shown 
in Figure 58. This method prevented restacking of MXene nanosheets at the nanoscale and 
formed well-defined porous structure (Figure 57), thereby facilitating electrolyte transport and 
access of ions to the electrode to great extent and producing functional MXene-based electrodes 
for sodium-ion storage. 
1 µm 
c) a) b) 
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Figure 58 Schematic showing preparation of the MXene/CNT electrode by the self-assembly 
method. The MXene nanosheets are negatively charged due to their functional groups, and the 
CTAB-grafted CNTs are positively charged. 
 
 
Portions of 4.4 were reprinted from, M.-Q. Zhao†, C. E. Ren†, Z. Ling, M. R. Lukatskaya, C.-F. 
Zhang, K. L. Van Aken, M. Barsoum, Y. Gogotsi, “Flexible MXene/Carbon Nanotube Composite 
Paper with High Volumetric Capacitance”, Adv. Mater. 27 (2015), pp. 339-345, with permission 
from John Wiley & Sons137, copyright 2015. 
4.5 Porous MXene films and capacitive performance 
Introduction of pores into MXene architectures is predicted as another effective strategy to 
overcome the tendency of flakes to restack and improve the accessibility of ions and molecules. 
Various methods, such as self-assembly of nanomaterials, templating, photo-/electron-/plasma-
etching, and chemical or electrochemical etching, have been developed to fabricate well-designed 
micro-, meso-, and macro-porous structures on a variety of 2D flakes.21, 22, 138 Among those, 
chemical etching is considered one of the most promising due to its simplicity and ability to 
control pore size and shape, and the ease by which it can be scaled up.1, 139-142  
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4.5.1 Synthesis of porous MXene films 
Herein, we report on the RT, catalytic oxidation of MXene flakes (LiF/HCl etched) using a 
transition metal salt, followed by an acid treatment to remove the metal oxide produced. This 
chemical etching process yielded meso-porous MXene (p-MXene) flakes with significantly 
improved capacities for reversible storage of lithium ions. 
A schematic, summarizing the procedure used herein to produce p-MXene structures, is shown in 
Figure 59. Typically, a delaminated Ti3C2Tx colloidal solution was mixed, at RT, with an aqueous 
solution of CuSO4 while stirring under ambient conditions. Catalyzed by the Cu2+ cations the 
Ti3C2Tx flakes were partially oxidized by O2 dissolved in the water and formed TiO2, which was 
proved by later XRD and XPS data. Subsequent acid (5.0 wt.% aqueous HF) treatment dissolved 
the TiO2 nanoparticles produced as a result of oxidation. The resulting p-Ti3C2Tx flakes were then 
converted to flexible freestanding films upon filtration (Figure 61d). 
 
Figure 59 Schematic showing the chemical etching of Ti3C2Tx flakes to produce porous Ti3C2Tx 
MXene structure. 
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The morphologies of pristine and porous Ti3C2Tx flakes are shown in Figure 60a and b, 
respectively. The former was high quality and with lateral sizes of several micrometers, and 
thickness of 1 nm. After chemical etching, numerous pores were observed. HRTEM image 
showed that the as-produced pores were tens of nanometers in size (Figure 60c). A selected area 
electron diffraction (SAED) pattern (inset image in Figure 60b) showed that the as-produced 
flakes maintained their hexagonal crystal symmetry. Thin carbon layers were observed at the pore 
edges, which can be attributed to the carbon formed after the selective etching of the Ti from the 
Ti3C2Tx flakes to form the pores. It has been showed that oxidation of Ti3C2Tx in an oxygen-
enriched environment leads to formation of TiO2 and carbon.143, 144 The presence of carbon in p-
Ti3C2Tx was confirmed by the Raman spectroscopy (Figure 61). 
 
 
Figure 60 (a) TEM image of pristine Ti3C2Tx flakes, (b) p-Ti3C2Tx flake after chemical etching in 
0.2 M CuSO4 solution at RT and, (c) high-resolution TEM image of b; Inset shows SAED pattern 
of same area; (d) Picture of a freestanding p-Ti3C2Tx film and, (e) its cross-sectional SEM image; 
(f) Cross-sectional SEM image of a p-Ti3C2Tx/CNT composite film. 
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Figure 61 Comparison of Raman spectra of a pristine Ti3C2Tx film (black, bottom) and a p-
Ti3C2Tx film (red, top). 
 
 
Vacuum-assisted filtration of a colloidal solution, containing suspended p-Ti3C2Tx flakes, 
resulted in freestanding films (Figure 60d), that were flexible and possessed low 
electrical resistivities (~200 S cm-1). A cross-sectional SEM image of a p-Ti3C2Tx film 
(Figure 60e), shows a more open structure compared with pristine Ti3C2Tx films
137. To 
further enhance the accessibility of the electrolyte ions to the MXene surfaces, 10 wt.% 
of CNTs were introduced as spacers between the p-Ti3C2Tx flakes to produce p-
Ti3C2Tx/CNT composite films (Figure 60f). 
A comparison of the XRD patterns of pristine, partially oxidized and p-Ti3C2Tx films - in 
Figure 62a – shows that the latter retain the Ti3C2Tx crystal structure, in agreement with 
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the SAED results. The appearance of rutile TiO2 peaks confirmed the presence of TiO2 
nanoparticles in the partially oxidized Ti3C2Tx. As importantly, the (0002) peak shifts to 
lower angles, corresponding to an increase of the c-LP from 27.1 Å for pristine Ti3C2Tx 
to 33.4 Å for p-Ti3C2Tx films. This is most probably due to the intercalation of Cu
2+ 
between the Ti3C2Tx flakes during the CuSO4 treatment.
42 
 
 
Figure 62 (a) XRD spectra of pristine, partially oxidized and porous Ti3C2Tx films; Comparison 
of (b) pore size distribution, and XPS spectra for (c) pristine and (d) p-Ti3C2Tx films. 
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The porous structure of the p-Ti3C2Tx flakes was analyzed by N2 sorption. The pristine Ti3C2Tx 
possessed pores with sizes between 4-6 nm (Figure 62b), which probably came from the 
interlayer voids between the stacked Ti3C2Tx flakes. In contrast, for the p-Ti3C2Tx, a large 
quantity of pores, with a size around tens of nanometers, were observed. At 0.25 cm3/g, the p-
Ti3C2Tx pore volume was about an order of magnitude larger than that of pristine Ti3C2Tx (0.023 
cm3/g), and the respective SSA increased from 19.6 to 93.6 m2/g. It’s worth to mention that the 
SSA of Ti3C2Tx is depending on the stacking of the nanosheets, and smaller SSA indicated the 
nanosheets were more stacked during the preparation process. 
XPS analysis was used to confirm that the Ti oxidation state and surface termination in the p-
Ti3C2Tx is similar to that of pristine Ti3C2Tx (Figure 62c and d).145 Quantifying the XPS results, 
using the same procedure used recently145 resulted in the following chemistries for the pristine 
and p-Ti3C2Tx, respectively: 
Li0.4 - Ti3C2O0.3(OH)0.05(OH-H2O)0.6F0.9 
Cu0.35 - Ti3C2O0.5(OH)0.2(OH-H2O)0.7F0.6 
In this formulation, there are three terminations, O, F and OH. The latter can also have H2O 
molecules attached to them denoted here as (OH-H2O). From these results, we can conclude that 
the creation of the pores in the MXene sheets, reduces the F- terminations and increases both the 
O and OH terminations. The exchange of Li by Cu cations is also clear. The XPS results also 
indicated that the TiO2 content increased for p-Ti3C2Tx. This result is not too surprising since it is 
reasonable to assume that the p-Ti3C2Tx flakes are easier to oxidize when exposed in air during 
sample preparation for analysis due to their more defective and larger exposed surfaces, 
especially, since oxidation starts at flake edges.144 In summary, apart from creating pores, 
chemical etching of Ti3C2Tx with CuSO4 introduces few other changes in the Ti3C2Tx backbone. 
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The latter conclusion is bolstered by the fact that the average positive charge on the Ti3C2Tx 
backbone – assuming the Cu ions are doubly charged and all the others have their usual valency - 
before and after creating the pores is ≈ 1.75. If the Cu ions are singly charged, the average charge 
is 1.95, both value close to the theoretical value of 2. 
Detailed analysis was carried out to understand the mechanism of the chemical etching process. 
TEM and XRD characterization of the Ti3C2Tx flakes after treatment with the CuSO4 solution 
indicated the presence of large amounts of rutile (TiO2) nanoparticles, indicating the partial 
oxidation of Ti3C2Tx flakes (Figure 62a and 63a). Clean p-Ti3C2Tx flakes were obtained only after 
HF treatment which removed these TiO2 nanoparticles (Figure 63b). 
 
 
Figure 63 TEM images of the Ti3C2Tx flakes (a) after 0.2 M CuSO4 solution treatment and (b) 
plus washing with a 5.0 wt.% HF aqueous solution. 
 
 
Therefore, the partial oxidation of Ti3C2Tx was a key for creating porosity. Two possible oxidants 
existed in a CuSO4 solution: Cu2+ and dissolved oxygen. To shed light on which one was more 
important, 0.2 M CuSO4 solution was added to a Ti3C2Tx colloidal solution under ambient 
conditions and another under bubbling Ar through the solution. Unlike the sample treated in air, 
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no obvious oxidation and hence no porous structure was found for the sample treated in Ar. Note 
that without Cu2+ ions, a typical Ti3C2Tx colloidal solution is stable in air up to several weeks 
without obvious oxidation. Also, little oxidation of Ti3C2Tx flakes occurs in the presence of 1 M 
H2SO4 aqueous solutions.39 We could not find metallic Cu, copper oxide or observe a change in 
the solution color (Figure 64) that would be expected in the case of permanent Cu2+ reduction. 
Therefore, it is reasonable to assume that the Ti3C2Tx flakes are oxidized by O2 dissolved in water 
and the process is catalyzed by Cu2+. It is thus reasonable to assume that the following simplified 
reactions: 
 
are responsible for forming the pores on the p-Ti3C2Tx flakes, that are devoid of TiO2. In other 
words, the MXene flakes are catalytically oxidized. These reactions are simplified in that the 
surface functional group was assumed to be OH with a number of 2 per Ti3C2. In reality, as the 
XPS results shown, the situation can be more complicated as –F and =O terminations are also 
present on the Ti3C2Tx surfaces. 145 
 
2Ti3C2(OH)2+ 5O2  
Cu
2+ 
→   
 6TiO
2
+ 2H
2
O+ 4C 
TiO
2 
+ 4HF → TiF
4
+ 2H
2
O 
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Figure 64 UV-Vis spectra of the CuSO4 aqueous solution (0.075 mol/L, 480 mg) before and after 
etching Ti3C2Tx (100 mg). 
 
 
The weight ratios of Ti3C2Tx to CuSO4 in UV-V in UV-Vis test is 100 mg Ti3C2Tx: 480 mg 
CuSO4. In the hypothetical oxidation equations, the weight ratios of Ti3C2Tx to CuSO4 are 121: 
480 and 61: 480 respectively.  
Ti3C2(OH)2+ 5CuSO4+ 4H2O= 3TiO2+ 5Cu +5H2SO4+ 2C 
Ti3C2(OH)2+ 10CuSO4+ 4H2O= 3TiO2+5Cu2SO4+ 5H2SO4+ 2C 
There’s sufficient amount of Ti3C2Tx to react with CuSO4. Thus, if there’s any oxidation reaction 
with CuSO4, the concentration of Cu2+ should change. 
To demonstrate the general validity of this process, we added 0.2 M CuSO4 solution to colloidal 
solutions of V2CTx and Nb2CTx followed by subsequent HF washing, and ended up with porous 
V2CTx and Nb2CTx flakes (Figure 65). Moreover, p-Ti3C2Tx flakes were also obtained when using 
aqueous solution of other transition metal sulfates, such as CoSO4 or FeSO4 as shown in Figure 
66. It was noticed that the pores produced using the FeSO4 solution are smaller compared to those 
produced by CuSO4 solution. And while more systematic work awaits, these preliminary results 
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suggest that not only can this etching method produce pores on a variety of MXenes, but as 
importantly, it may be possible to also control the pore size and extent by adjusting the etching 
conditions, including the composition and concentration of the transition metal salts, reaction 
time and/or temperature. It is important to note that it is the slight, or partial, oxidation of MXene 
flakes that leads to the porous structures; complete oxidation will lead to carbon sheets decorated 
by transition metal oxide nanoparticles144, 146, 147. 
 
Figure 65 TEM images of a) porous V2CTx and b) Nb2CTx flakes after chemical etching in a 0.2 
M CuSO4 solution.  
 
 
 
Figure 66 TEM images of the p-Ti3C2Tx flakes obtained after etching with 0.2 M CoSO4 (a) and 
0.2 M FeSO4 (b) aqueous solutions. 
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4.5.2 Capacitive performance of porous MXene films 
The electrochemical properties of 5-µm-thick p-Ti3C2Tx films were evaluated by tests on Li-ion 
half-cells, in which the films served as the working electrode and Li metal foils acted as both 
counter and reference electrodes. The CV profiles of p-Ti3C2Tx/CNT electrode showed a pseudo-
rectangular shape, without obvious lithiation and delithiation peaks, indicating a more capacitive 
performance (Figure 67a). At a rate of 0.5 C, the reversible Li capacity of the pristine Ti3C2Tx 
films was 35 mAh/g; that of p-Ti3C2Tx was ≈110 mAh/g, (Figure 67b). When 10 wt.% of CNTs 
was added the first-cycle capacity was ≈ 790 mAh/g (Figure 67b). 
After the first cycle, the capacity first dropped first before continually increasing until it 
reached ≈ 500 mAh/g after 100 cycles The Coulombic efficiency was close to 100 % 
(right hand y-axis in Figure 67b). The first-cycle irreversibility, and initial capacity drop, 
can be attributed to the formation of a solid-electrolyte interphase layer and possible 
irreversible reactions between Li ions and various surface functional groups (-OH and -F) 
on the p-Ti3C2Tx flakes.
148, 149 
After 100 cycles at 0.5 C, the capacity of ≈ 500 mAhg-1 was significantly higher than 
≈110 mAh/g for the p-Ti3C2Tx without CNTs or the ≈ 220 mAh/g value for Ti3C2Tx/CNT 
composite films in which the MXene was not porous (Figure 67b). These results show 
that the combination of pores and CNTs can lead to greatly enhanced MXene Li 
capacities. Note that the contribution of the CNTs to the overall capacity of the composite 
paper is negligible due to their limited specific capacity and low mass content.150, 151 
By the 250th cycle at 0.5 C. the capacity of p-Ti3C2Tx/CNT electrodes appeared to 
stabilize. Therefore, the electrodes were pre-cycled for 250 times at 0.5 C and then re-
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tested. The continuous increase in capacity is most probably related to improved Li-ion 
accessibility to active sites as a result of cycling, which is not too uncommon for film 
electrodes made of other 2D nanomaterials.152 
The p-Ti3C2Tx/CNT electrode exhibited good specific capacities even at high rates (Figure 67c, d). 
At 0.1 C, a capacity of ≈ 650 mAh/g was achieved. The capacity decreased with increasing 
cycling rates, but gradually. Capacities of ≈ 230 mAh/g at 10 C and ≈ 110 mAh/g at 60 C were 
obtained. For the pre-cycled p-Ti3C2Tx/CNT electrodes, a high capacity of ≈ 1250 mAh/g was 
achieved at 0.1 C, which dropped to ≈ 330 mAh/g 10 C. These values are much higher than those 
for lithium titanate at comparable cycling rates153, 154, indicating the superior Li-ion storage 
properties of p-Ti3C2Tx. Previously we have shown that Li ions readily intercalate MXene-based 
materials, offering good capacity values at relatively high rates.35, 42, 148, 155 However, the values 
reported here for the p-Ti3C2Tx/CNT films at all rates greatly exceed any previously reported 
values. The significant increase in capacity is attributed to the fact that more Li ions can now 
presumably be absorbed and stored on the edges of the pores for p-Ti3C2Tx flakes. These 
comments notwithstanding, it is hereby acknowledged that the charge/discharge profiles are much 
more reminiscent of supercapacitors than of typical Li-ion batteries, and any circuit in which our 
electrodes are to be used has to deal with this reality. For example they may be used in Li-ion 
capacitors and hybrid devices.155 
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Figure 67 Li-ion storage performance of 5-µm-thick p-Ti3C2Tx/CNT composite films. (a) CV 
curves of p-Ti3C2Tx/CNT paper electrode at 0.2 mV s-1; (b) cycling stability of pristine Ti3C2Tx, 
p-Ti3C2Tx, Ti3C2Tx/CNT and p-Ti3C2Tx/CNT film electrodes before and after pre-cycles at 0.5 C; 
the Coulombic efficiency of the p-Ti3C2Tx/CNT films is plotted on right hand y-axis. (c) 
discharge capacities as a function of cycling rates before and after pre-cycling; d) voltage profiles 
of pre-cycled films at different cycling rates. (1 C = 0.32 A/g). 
 
 
In summary, we developed a relatively simple and fast chemical etching method to introduce 
pores into MXene flakes. The RT etching process was carried out in aqueous solutions of 
transition metal salts (e.g. CuSO4, CoSO4, or FeSO4) followed by subsequent acid treatment to 
dissolve the metal oxide formed, while maintaining comparable surface terminations as pristine 
Ti3C2Tx. This work focused on p-Ti3C2Tx/CNT electrodes that exhibited greatly improved Li-ion 
storage capabilities compared with non-porous Ti3C2Tx/CNT films. A high capacity of ≈1250 
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mAh/g at 0.1 C and remarkable capacity retention at high current densities were achieved by the 
p-Ti3C2Tx/CNT composite electrode. Furthermore, we showed that this chemical etching method 
can be applied to other MXenes, such as V2CTx and Nb2CTx, to produce a family of porous 
MXene structures. Therefore, this work provides a simple yet effective and scalable method to 
improve the physical and chemical properties of MXenes, and other 2D materials. 
Portions of 4.5 were reprinted from, C. E. Ren†, M.-Q. Zhao†, T. Makaryan, J. Halim, M. Boota, 
S. Kota, B. Anasori, M. W. Barsoum, Y. Gogotsi, Porous Two-Dimensional Transition Metal 
Carbide (MXene) Flakes for High-Performance Li-Ion Storage, ChemElectroChem. 3, (2016), pp. 
689-693, with permission from John Wiley & Sons156, copyright 2016. 
4.6 Flake size control and capacitive performance 
As shown in 3.3, MXene films (LiF/HCl etched) composed of different flake sizes obtained by 
sonication method have different physical and electrical properties. When measuring the MXene 
films in an EC, different electrochemical performances were obtained (Figure 68). In the current 
work, glassy carbon electrodes were used as current collectors for their wide overpotential to 
avoid hydrogen evolution reaction157. As a result, the cell operation voltage window was extended 
to 0.9V (-0.6 to 0.3 V vs Ag/AgCl) (Figure 68b). To get better capacitive performance of Ti3C2Tx, 
3M H2SO4 was used as electrolyte instead of 1M, for the former ionic conductivity is higher than 
latter by near an order of magnitude106. CV profiles at 20 mV/s in Figure 68b show a combination 
of pseudocapacitive and rectangular shape like previous studies on Ti3C2Tx MXene39, 158. The 
redox peaks are associated with pseudocapacitive mechanism, and the small cathodic and anodic 
peak potential separation (less than 60 mV) indicated that the redox process was highly reversible. 
The effect of sonication is two-sided: sonication broke flakes into smaller sizes, which enables 
easier electrolyte diffusion and exposure of larger number of active sites, leading to increased 
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capacitance. On the other hand, more interfacial connection resistance and more defects 
introduced by smaller flakes obtained by sonication result in decreased electrical conductivity of 
MXene films,159 which diminished the charge transfer and, thus, the capacitive performance 
especially the rate performance. Therefore, there is an optimization of electrochemical 
performance versus flake size of MXenes. For instance, the BS-0.25 sample showed the best 
capacitance of 293 F/g at a scan rate of 2 mV/s. The BS-0, BS-1.5, BS-3.0, and PS-1.0 electrodes 
offered 270, 288, 272 and 257 F/g at 2 mV/s, respectively. However, the rate performance of BS-
3.0 Ti3C2Tx film outperformed others esp. at scan rates above 1000 mV/s, with a capacitance 
retention of 70.1% from 2 mV/s (Figure 68a). The electrode capacitance and capacitance 
retention at 1000 mV/s were plotted versus flake size in Figure 68d. The trend is clearer that the 
flakes with median size performed the best no matter in term with capacitance (~1.0 µm for BS-
0.25) or rate performance (~0.35 µm for BS-3.0). 
The slope of the Nyquist plots at low frequency (Figure 68c) shows the difference in electrolyte 
diffusion resistance. The lowest diffusion resistance of BS-0.25 electrode can be attributed to 
combination of relatively smaller flake size and high electrical conductivity. The 45 º slopes of 
the BS-3.0 and PS-1.0 electrodes are lower than others, which are due to the shorter ion transport 
paths contouring the smaller flakes. All Nyquist plots have relatively small contact resistance 
around 1 Ω•cm2, which were due to the good electrical conductivity of all Ti3C2Tx electrodes. 
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Figure 68 a) CV profiles and rate performances of b) gravimetric capacitance, of Ti3C2Tx 
electrodes of nanosheets after different sonication in 3 M H2SO4. c) Gravimetric capacitance at 2 
mV/s and capacitance retention at 1000 mV/s compared to at 2 mV/s of Ti3C2Tx electrodes with 
different nanosheet sizes. d) Nyquist plots for Ti3C2Tx electrodes of nanosheets after different 
sonication. e) volumetric capacitance, of Ti3C2Tx electrodes of nanosheets after different 
sonication in 3 M H2SO4. f) Capacitance stability of a Ti3C2Tx film of nanosheets prepared by 
0.25 h bath sonication. 
 
 
When take the densities of electrodes into account, the Ti3C2Tx electrodes offered volumetric 
capacitance as high as 1098 F/cm3 for BS-0.25 at 2 mV/s, which is highly comparable with or 
114 
 
higher than previously reported Ti3C2Tx based films39, 90, 160. It is worth noting that the sonicated 
electrodes got better volumetric capacitance compared with the non-sonicated one due to their 
higher densities. Using the best performing MXene film, BS-0.25, device long-term cycling 
reveals stable performance over 10,000 cycles. 
In summary, smaller flake size resulted in decreased electrical conductivity, and increased 
electrochemical performance of the filtered Ti3C2Tx film electrodes. MXene film composed of 
~1.0-μm flakes showed much larger capacitance than that composed of ~4.4-μm flakes, 293 
versus 270 F/g. The film composed of ~0.35-μm flakes showed the best capacitance retention of 
~70.1% when the scan rates increased from 2 to 1000 mV/s. This study provides a method for 
obtaining MXene flakes with well controlled sizes and can potentially provide a simple route for 
controlling the size of other 2D materials.   
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CHAPTER 5: ION PERMEATION THROUGH MXENE MEMBRANES 
 
 
5.1 Cation permeation through MXene based membranes 
Water scarcity has been a critical issue that prompts worldwide issues, and new ways to 
supply clean water are in urgent need70. One major problem in water treatment techniques is 
energy and cost effectiveness. Selective membrane process, such as microfiltration, 
ultrafiltration, nanofiltration and reverse osmosis, are promising to decrease energy cost 
among the state-of-art water treatment technologies.  
2D MXenes films have shown promising properties in comparison with or even exceeding 
other 2D materials as separation membranes, in the aspects of mechanical stability, 
hydrophilicity, and ions selectivity. 
5.1.1 Water flux through MXene membranes 
In this 5.1 section, we report the selective sieving of alkali, alkaline earth (Li+, Na+, K+, Mg2+, 
Ca2+), transition and other metal (Ni2+ and Al3+), and MB+ dye cations through Ti3C2Tx 
membranes (HF etched). We compare Ti3C2Tx and GO membranes under the same testing 
conditions, and show that Ti3C2Tx has a better selectivity toward metal cations of increasing 
charges than GO. Finally, based on the interlayer spacing of Ti3C2Tx and mechanical deformation 
of Ti3C2Tx upon intercalation, the mechanisms of ion transport through Ti3C2Tx membranes are 
briefly discussed. 
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Ti3C2Tx membranes were fabricated by a VAF method, where colloidal solutions of delaminated 
Ti3C2Tx were filtered to obtain membranes with controllable mass-loading and thickness. In order 
to obtain smooth membranes shown in Figure 69b, dilute colloidal solution of Ti3C2Tx (~ 0.01 
mg/mL) was used161. It contained single-layer Ti3C2Tx sheets with thickness of ~1 nm and lateral 
size on the order of hundreds of nanometers to several microns90. The high aspect ratio of single-
layer Ti3C2Tx ensures uniform and narrow 2D nanochannels and mitigates the presence of meso- 
and macro-pores across the membrane. Considering the relatively high pressure exerted on 
Ti3C2Tx membranes during the experiments, commercial PVDF supports (450 nm pores)161 were 
used. PVDF membranes were tested alone and did not demonstrate any selectivity toward any 
molecule or ion in this study (Table 7) and thus didn’t affect the Ti3C2Tx membranes’ 
performance. 
 
 
Figure 69 (a) Photograph and (b) cross-sectional SEM image of a Ti3C2Tx membrane. 
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Table 7 Cation permeation of PVDF and Ti3C2Tx supported on PVDF 
Time, h 
PVDF Ti3C2Tx on PVDF 
MB (301 μS/cm) MB (301 μS/cm) 
Permeate Conductivity, μS/cm 
1 24.7 4.3 
2 43.6 5.6 
3 60.5 6.8 
4 78.9 7.7 
 
 
By sequentially filtering dilute suspensions of Ti3C2Tx of known concentrations (0.01 mg/mL) 
water flux was estimated from the filtration time and correlated with membrane thicknesses. An 
exponential decrease of water flux is observed initially for increasing membrane thicknesses and 
mass-loading (Figure 70). When the membranes thickness was between 900 nm to 1500 nm, the 
water flux became constant ~38 L/(Bar·h·m2). Permeation tests were conducted on membranes 
with the thicknesses of 1.5 ± 0.1 μm (Figure 69b) to ensure mechanical stability and the absence 
of pinholes. A water flux of 37.4 L/(Bar·h·m2), compared to 6.5 L/(Bar·h·m2) for a 1.5-μm-thick 
GO membrane tested in the same way, indicates ultrafast water permeation through Ti3C2Tx 
membranes. 
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Figure 70 Water flux through Ti3C2Tx membrane with varying thicknesses, and red star marks the 
thickness of membranes used in ion permeation tests. 
 
 
5.1.2 Interlayer spacing of MXene membranes 
This fast water flow can be explained by the presence of one or more layers of H2O molecules 
between the Ti3C2Tx layers in the wet state39, 162. The hydration effect between Ti3C2Tx layers was 
examined by studying three Ti3C2Tx membranes at different moisture levels with XRD (Figure 
71). One sample was dried at 140°C, another was dried at 70°C under vacuum, and the third 
sample was in a wet state. The XRD patterns of the membranes agreed well with previous 
Ti3C2Tx films90, and the FWHMs of the 140°C-dried, 70°C-dried and wet Ti3C2Tx membranes 
were 1.72, 0.94 and 0.97°, respectively. The (0002) peaks left shifted to lower angle as the 
moisture increased, which corresponds to larger interlayer spacing between Ti3C2Tx layers. The 
interlayer distances of the 140°C-dried, 70°C-dried and wet Ti3C2Tx membranes were calculated 
to be 2.9, 4.7 and 6.4 Å, which can be explained by the presence of one, two and three layers of 
water molecules between Ti3C2Tx layers, respectively4. The observed permeation rates for cations 
119 
 
and dyes in our study are in agreement with a 2D nanochannel width around 6.4 Å4, 6, 163. Three 
water layers between Ti3C2Tx sheets can create a free path for water flow and facilitate the high 
water flux observed before163. 
 
 
Figure 71 (0002) peaks of XRD patterns of Ti3C2Tx membranes at different moisture levels and 
average interlayer spacing calculated from XRD data. 
 
 
5.1.3 Cation Permeation through MXene Membranes 
The permeation rates of all solutions through Ti3C2Tx and GO membranes were measured in a 
homemade U-shaped device (Figure 25). One half of the cell a chloride salt solution (0.2 mol/L), 
while the other half contained the same volume of DI water. Both solutions were introduced at 
the same rate, and magnetic stirring was maintained on the permeate side to eliminate 
concentration gradients. The conductivity of the permeate side was measured over time to 
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estimate concentration of ions and calculate ionic transport. All solutions utilized a salt with Cl- 
anion, thus cation permeation rates were easily compared. 
The pH of NaCl solution remained stable around 6.05 throughout the test. This indicates that both 
Cl- and Na+ ions permeate through the Ti3C2Tx membrane in stoichiometric quantities and that the 
number of permeated cations can be estimated from ionic conductivity measurements on the 
permeate side, as discussed in the Experimental Methods. The concentration of permeated cations 
shows a linear increase with time (Figure 72a), while the individual permeation rates (the slope of 
curves) decrease in the row Na+ > Li+ > K+ > Ca2+ > Ni2+ >Mg2+ > Al3+ >>MB+. MB+ 
demonstrated almost no permeation (~7×10-4 mol·h-1·m-2), confirming that the Ti3C2Tx 
membranes are free of pinholes. 
 
 
Figure 72 Cation permeation characteristics through Ti3C2Tx and GO membranes. (a) Number of 
cations permeated through the Ti3C2Tx membranes against time for 0.2 mol/L feed solutions (all 
solution utilize a Cl- counter anions). (b) The permeation rates of cations against their hydration 
radii through the Ti3C2Tx and GO membranes. The dashed curves are a guide to the eye. 
 
 
121 
 
The permeation rates through Ti3C2Tx and GO membranes as a function of the cation size and 
charge are plotted in Figure 72b and listed in Table 8. The effective volume occupied by a cation 
in water is characterized by its hydration radius79, 164. Based on the permeation rates through 
Ti3C2Tx, all cations can be classified into four groups: (1) Na+, Li+ and K+, (2) Ca2+, Ni2+, Mg2+, 
(3) Al3+, and (4) MB+, suggesting the role of cations’ size and charge. Na+ has the highest 
permeation rate of 1.53 mol·h-1·m-2, which is about 25 times faster than Al3+, and 7 times that of 
Ca2+ ion. Despite a smaller hydration radius, K+ showed somewhat slower permeation as 
compared to Na+. 
 
Table 8 Permeation rates of cations from chloride solutions through the Ti3C2Tx membranes. 
Ion K+ Na+ Li+ Ni2+ Ca2+ Mg2+ Al3+ MB+ 
Permeation rate, 
mol·h-1·m-2 
0.94 1.53 1.40 0.22 0.23 0.16 0.06 7×10-4 
 
 
In Figure 72b, the ionic selectivity of Ti3C2Tx and GO membranes is compared. The GO 
membranes show similar ion selectivity and permeation rates as reported by Joshi4. For organic 
dye cations with hydration radii > 6.4 Å, both permeation rates are on the level of 10-4 mol·h-1·m-2. 
However, for small ions (< 6.4 Å), GO and Ti3C2Tx membranes behave distinctly different, when 
ion charges are considered. Although single-charged cations showed comparable permeation rates 
for Ti3C2Tx and GO, the former membranes demonstrate significantly lower permeation rates for 
multiple-charged ions than GO. GO’s inability to discriminate between the charges has been 
reported previously as that arsenate ions (AsO43-) permeate through GO membrane at 
approximately the same rate as single-charged Na+ or Cl–,4 yet GO can sieve out ions larger than 
4.5 Å. Thus, Ti3C2Tx membranes have a better selectivity than GO membranes for cations of radii 
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< 4.5 Å and with charges from +2 to +4, which include alkaline earth ions or pollutant heavy 
metals, such as Ca2+, Mg2+, Ba2+, Pb2+, Cu2+, Co2+, Ni2+ and Cd2+. This selectivity toward 
angstrom-sized metal cations with charge dependence is unique when compared with other 2D 
and porous separation membranes4, 165-168. Therefore, MXene membranes may be used for water 
softening and removal of toxic elements. It should be noted that the sieving of cations by Ti3C2Tx 
membranes cannot be attributed to ion adsorption, because the ratio between the mass of feed 
solute to the membrane exposed (e.g. 1950 mg/g for NaCl vs Ti3C2Tx) greatly exceeds the 
adsorption capacity of Ti3C2Tx for metal salts (40 to 250 mg/g91-94). 
Cation permeation through Ti3C2Tx membranes is greatly affected by their intercalation, which is 
a size and charge selective process55,169. Briefly, single-charged Na+ or K+ ions readily intercalate 
into Ti3C2Tx while double-charged Mg2+ ions intercalate only after extensive soaking or 
electrochemical stimulation (applied potential), and bulky ions such as Al3+ intercalate only after 
electrochemical cycling55. Thus the intercalation of large and multiple-charged cations is 
kinetically hindered. Electrochemical quartz-crystal admittance95 and atomic force microscopy96 
studies demonstrate that after intercalation process, the electrostatic attraction between negatively 
charged Ti3C2Tx and double-charged cations like Mg2+ results in a compression of interlayer 
spacing and shrinkage of the membrane in z-direction. 
Based on the obtained results, the permeation rates of cations can be classified into three groups 
as schematically shown in Figure 73. First, ions that have radii larger than the interlayer distance 
(~6.4 Å based on XRD) will be excluded outright because they cannot pass through Ti3C2Tx 
membrane. This is observed in the case of the bulky MB+ dye cations (permeation rate ~7×10-4 
mol·h-1·m-2). In contrast, multiple-charged cations (Mg2+, Ca2+ and Al3+) with radii smaller than 
the interlayer distance, are able to migrate into the interlayer capillary pathways, which increase 
the interlayer spacing initially. As more multiple-charged ions intercalate, shrinkage of the layers 
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occurs due to electrostatic attraction between the negatively charged Ti3C2Tx surface sheets and 
the highly charged cations, as illustrated in Figure 73b. This shrinkage results in slower 
permeation rates observed for the multiple-charged ions. Finally, single-charged ions (Na+) are 
able to penetrate into the membrane and are attracted to each side of Ti3C2Tx layers, formation an 
electric double layer on the surface of every flake (Figure 73c). Adsorption of ions on both sides 
of MXene, leading to repulsion of MXene sheets, may be accompanied by a slight expansion of 
the film, which enables higher permeation rates (7-25 times faster than double- and triple-charged 
ions). 
 
Figure 73 Schematics showing differential permeation of cations through a Ti3C2Tx membrane, 
and total rejection of large MB+. (a) Cations of radii > 6.4 Å cannot penetrate into interlayer 
spacing. (b) Intercalated smaller multiple-charged cations cause shrinkage of spacing between 
Ti3C2Tx layers, leading to slower permeation. (c) Intercalated small single-charged cations cause 
expansion of Ti3C2Tx interlayer spacing, and they move faster. 
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A dead-end filtration setup was used to compare the flux of Na+, Mg2+, and Al3+ chloride 
solutions through the Ti3C2Tx membranes. The membranes were soaked in water or 0.2 mol/L salt 
solutions for 1 hour prior to filtration to ensure saturation equilibrium. The water fluxes of all the 
solutions decrease NaCl solution> H2O> MgCl2 solution> AlCl3 solution, as shown in Figure 74. 
This trend supports the actuation mechanism for cations permeation, where Na+ causes membrane 
expansion and a higher water flux, and Mg2+ and Al3+ solutions decrease the flux due to 
contraction of the interlayer spacing. 
 
 
Figure 74 Water flux of water and salt solutions through the Ti3C2Tx membranes as a function of 
cation’s charge. 
 
 
The work herein describes a new class of permeation membranes based on Ti3C2Tx those capable 
of highly-selective sieving of cations. This process may be further enhanced through electrical 
modulation of the surface charge of Ti3C2Tx with an applied voltage (electrochemical filtration). 
If much thinner (e.g., 150-300 nm) supported membranes are used, water flux is expected to 
increase by at least an order of magnitude. As the MXene family is growing, there is already an 
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array of 19 MXenes (Ti2C, V2C, Nb2C, Nb4C3, Mo2TiC2 etc.170, 171), that can be examined as 
separation membranes. Different surface chemistries, layer thickness and mechanical properties 
should allow further tuning of membrane properties. It has been reported that the mechanical 
strength of Ti3C2Tx-based membranes can be enhanced by combining Ti3C2Tx with polymer 
polyvinyl alcohol (PVA) during membrane fabrication, which may enhance the durability and 
lifetimes of Ti3C2Tx-based membranes90. Meanwhile the interlayer spacing could be affected by 
addition of different compositional loadings of polymers (PVA or PDDA). Apart from polymers, 
layers of CNTs have been demonstrated to open the interlayer spacing of Ti3C2Tx-based 
membranes for greater ion fluxes in electrochemical devices137. Such hybrid/composite structures 
may be utilized for high-flux membranes. This proof of concept represents the first study of ion 
permeability of MXene membranes. Additional systematic studies of fouling and other properties 
are required to evaluate the applicability of different MXenes and select the most promising 
materials to be used in membranes for ion separation, water purification, desalination and related 
applications. The observed differences in transport rates for different ions can also explain the 
difference in charge-discharge rates of aqueous supercapacitors with different electrolytes55 and 
provide guidance in selection of high-rate electrolytes. 
In summary, Ti3C2Tx membranes demonstrate attractive separation properties based on their 
permeation selectivity toward cations of various sizes and charges. The hydrophilic nature of 
Ti3C2Tx accompanied by the presence of H2O between the layers promotes ultrafast water flux. 
Besides being non-permeable to cations with hydration radii larger than the interlayer spacing, 
Ti3C2Tx membranes show high selectivity towards single-, double- and triple-charged metal 
cations and dye cations of different sizes. Ti3C2Tx membranes demonstrate a better performance 
than GO in the separation of higher charge cations. MXenes, as a new family of 2D materials, 
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may open a door for developing efficient and highly selective separation membranes for ion 
separation and other technologies. 
Portions of 5.1 were reprinted from, C. E. Ren, K. B. Hatzell, M. Alhabeb, Z. Ling, G. R. 
Berdiyorov, M. E. Madjet, K. A. Mahmoud, Y. Gogotsi, “Charge and Size Selective Ion Sieving 
Through Ti3C2Tx MXene Membranes”, J. Phys. Chem. Lett. 6, (2015), pp. 4026-4031, with 
permission from American Chemical Society172, copyright 2015. 
5.2 Voltage control of ion permeation 
5.2.1 Ion permeation through MXene membrane under voltages 
The electrical control of permeation through electronically conductive membranes has been 
introduced as a novel way to improve their selectivity, rejection rate, and stability. Murray and 
Burgmayer in 1982 were the first to introduce the electrical control of permeation when they 
deposited conducting polymer on a gold mini-grid electrode.173 Over the past decade, several 
electrical controlled filter membranes, including carbon nanotubes174, porous carbon175, metal 
nanotubes176, and metal coated polymer177, were reported, demonstrating compelling gating 
effect towards molecules under voltages. 
One type of electroactive membrane utilizes the electrostatic interaction between the 
membrane and ions to gate the permeation under positive/negative voltages176, 178. In the 
classic model, ions in solution are electrostatically attracted to a charged surface while co-ions 
are repelled, creating a region where the potential decays exponentially with a characteristic 
length known as the Debye length of the electrical double layers (EDLs).175 Ion transport can 
be controlled within the Debye length using either a surface charge or electric field. For 
porous membranes, when nanochannels are small enough that the EDLs of the channel walls 
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overlap, direct electrostatic manipulation of ions across the nanochannel becomes possible175, 
179. Another type uses the oxidation and reduction of the membranes177, 180 or solvents181 to 
gate permeation. For example, a platinum/polyvinylidene difluoride (Pt/PVDF) membrane 
was reduced by extra negative charges or oxidized by positive charges under an external 
electric field. Under negative/positive potentials, the charge balance of the membrane was 
compensated via the cation adsorption from feed side or cation desorption to permeate side. 
Therefore, application of pulsed potential waveforms to the membrane resulted in metal 
cations flux, and the membrane was impermeable when no potential was applied.  
However, in most of the above cases the feed solutions were usually limited to large organic 
molecules or coordination complexes, like MB, methyl orange, 2,6-naphthalene disulfonate 
(NDS2-), and p-toluene sulfonate (PTS-), Ru(bpy)32+ and [Fe(CN)6]4−175, 176, 178, 182, and very 
little electrical gating work has been focused on the permeation of metal ions. Meanwhile, 2D 
materials have been reported as novel and effective construction units for separation 
membranes due to their effective rejection based on steric effects in their 2D nanochannels 183, 
184. However, there are no reports on the electrical control of ion permeation using 2D 
membranes, with the exception of one paper reporting a graphene-based electrochemical 
filtration by Zhi Zhou’s group182, which utilized the electrochemical oxidation of feed 
solutions to increase rejection rates.  
Ever since their discovery, MXenes family has been growing in number and attracting 
researchers’ attention due to their unique properties in water purification94, electromagnetic 
shielding and absorption99, 185, and polymer nanocomposites90. MXene flakes have high aspect 
ratios (micron-sized width to nano-sized thickness), which form highly flexible and 
mechanically strong membranes90. The abundant surface functional groups make MXene 
membranes hydrophilic and stable in aqueous environments.  
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Among more than 20 different MXene compositions synthesized to date, 2D titanium carbide 
Ti3C2Tx MXene is the most studied one. Ti3C2Tx MXene is negatively charged on its surface 
and its interlayer spacing is tunable by ions intercalation without42, 186 or with electrical 
voltages95, 187. As a result of these properties, the Ti3C2Tx membranes demonstrated selectivity 
towards metal ions of different charges and size without external voltage172. Furthermore, 
MXene membranes are highly electronically conductive90, 115, and served as stable 
supercapacitor electrodes in aqueous environment 39, 43. Thus, it is highly feasible to control 
Ti3C2Tx membranes’ selectivity towards metal ions via application of external voltages on the 
membranes. 
To demonstrate this idea, in this study, voltages (both positive and negative) were applied on 2D 
Ti3C2Tx membranes to evaluate how external potentials would affect metal ion permeation rates. 
The advantage of the proposed strategy is to tune the interlayer spacing of the Ti3C2Tx to enhance 
or inhibit the ion permeation under voltages, instead of electrochemical oxidation or reduction of 
MXene membranes or feed solutions. 
The Ti3C2Tx membranes used here are prepared by the same VAF method, showing orderly 
stacked 2D nanochannels across the structure (Figure 75a). The inset is a typical digital top-view 
image of a Ti3C2Tx membrane, which had a thickness of ~1.5 µm and was attached on a PVDF 
filter paper (pore size 450 nm) for mechanical support. The Ti3C2Tx flakes used here were 
produced by the minimally intensive layers delamination (MILD) route developed recently99, 112, 
with manual shaking instead of sonication to avoid shredding the MXene ﬂakes into smaller 
pieces. The resulting MXene flakes made via MILD method showed larger lateral size of 4 to 15 
μm with cleaner edges99, 112 compared to the previously reported small flakes obtained by 
sonication20, 26. The electrical conductivity of a membrane composed of larger-lateral size Ti3C2Tx 
flakes was determined to be 5690 S/cm using a standard four-probe technique, much higher than 
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that of a smaller Ti3C2Tx flake membrane (4430 S/cm). In addition, a better connection between 
the larger and cleaner flakes also gives the resulting Ti3C2Tx membranes better mechanical 
stability and flexibility. Thus, in this 5.2 section, we focus on the Ti3C2Tx membranes made from 
larger lateral flakes produced with manual hand shake process (no sonication). As for the 
comparison, we present the results of small flakes Ti3C2Tx membranes made by 1.5 h bath 
sonication.  
It was mentioned earlier that ion transport can be electrostatically manipulated within the Debye 
length of the EDLs using either a surface charge or electric field. The thickness of the EDL, or the 
Debye length, λD, in an aqueous solution containing a symmetric monovalent salt can be 
calculated using188 
𝜆𝐷 = √
𝜀0𝜀𝑟𝑅𝑇
2𝐹2𝐶0
 , 
Where ε0 is the permittivity of free space, εr is the dielectric constant of the solution, R is the gas 
constant, T is the absolute temperature in kelvins, F is the Faraday constant, and C0 is the molar 
concentration of the electrolyte. For NaCl solution with a concentration of 35 g/L, λD is calculated 
to be ~0.4 nm. Meanwhile, the nanochannel thickness for wet Ti3C2Tx membranes is calculated to 
be ~ 0.6 nm172, 189 based on modeling of the c-LPs and its interlayer spacing in the wet stage43. 
Thus, the two adjacent Ti3C2Tx layers’ EDLs are about 0.8 nm, which would result in overlapped 
EDLs in the 0.6-nm nanochannel, as shown in Figure 75b. This means, after intercalation, ions 
enter a space that is fully under the control of MXene surface charges. Thus, controlling the ion 
permeation by exerting external voltage and changing Ti3C2Tx surface charge is theoretically 
feasible. 
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Figure 75 a) Cross-sectional SEM image of a Ti3C2Tx membrane, and inset is a digital image of a 
1.48-µm-thick Ti3C2Tx membrane on supporting PVDF filter paper. b) A schematic showing the 
interaction between Ti3C2Tx layers and ions within their EDLs when the Ti3C2Tx membrane is 
connected to a negative voltage.  
 
 
To investigate the ion permeation under only osmotic pressure without external vacuum pressure, 
a U-shape device, instead of pressure-driven filtration, was used to measure the number of 
permeated ions over a given time. NaCl solution of 35 g/L (same as NaCl concentration in 
seawater) was used as the major feed solution. As shown in Figure 76a, 50 mL NaCl solution was 
poured into the feed side (left side, Figure 76a), and 50 mL DI water was poured into the 
permeate side (right side in Figure 76a). Platinum wire was used as counter electrode and 
Ag/AgCl in 1M KCl as the reference electrode (shown as RE in Figure 76a), with both electrodes 
immersed in the feed solution. The Ti3C2Tx membrane on the PVDF support was attached to an 
annular Ti foil as the current collector (CC) and pressed between feed and permeate solution 
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containers. A real-time ionic conductivity meter was immersed in the permeate side to record the 
ionic conductivity, with a Teflon stir bar constantly stirring to avoid gradient concentration. 
 
 
Figure 76 a) A schematic showing the U-tube device to measure the ion permeation through 
Ti3C2Tx membrane under external potentials, with a Platinum wire as counter electrode (CE), 
Ag/AgCl in 1M KCl as reference electrode (RE), a Ti3C2Tx membrane on PVDF support as 
working electrode (WE), and an annular Ti foil as current collector (CC). The number of 
permeated cations as a function of time and applied voltages of b) NaCl and MgSO4 through 
Ti3C2Tx membrane (larger flakes) c) NaCl through Ti3C2Tx membrane of larger and smaller flakes, 
and d) NaCl through Ti3C2Tx membrane (larger flakes) for 6 h. 
 
It is known that the salt solutions need to maintain electrical neutrality, for the salt cations and 
anions transported in a stoichiometric ratio from feed to permeate solution107-109. We performed 
atomic absorption spectroscopy (AAS) analysis of the amount of Na+ and Cl- ions in the 
permeated solution (Figure 77) to confirm ions stoichiometric ratio. The ionic conductivity on the 
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permeate side was recorded at a rate of 1 point/s immediately after the permeation started. The 
conductivity of the permeate side was converted to the concentration of salt ions, and the number 
of permeated ions was calculated using the classical diffusion equation as described in the 
experimental section. Figure 76b shows the number of permeated cations under different voltages 
as a function of the permeation time for the larger-flake Ti3C2Tx membrane. The slopes of the 
curves determine how fast the ions permeated through the Ti3C2Tx membrane, or the permeation 
rates. At the beginning, no external voltage was applied and the number of permeated ions 
increased linearly at a permeation rate ~ 0.122 mol/m2 h. After 30 min, positive voltage (0.4 V) 
was applied to the MXene membrane, and the permeation rate increased first exponentially and 
then stabilized at a rate of 0.260 mol/m2 h, higher than that of the no applied voltage. Then the 
voltage was changed to negative (-0.6 V) for 30 min, and the permeation rate dropped to 0.003 
mol/m2 h. Another cyclic change of the applied external voltages (0.4 and -0.6 V) was conducted 
and the permeation rates changed with the same trend but of lesser magnitude. The permeation 
rates under different potentials are listed in Table 9. When the salt solution was changed to 
MgSO4 with a concentration of 3.4 g/L, a similar relationship was found between the permeation 
rates and applied voltages as it is shown as the bottom curve in Figure 76b. MgSO4 permeation 
rates were generally much lower (Figure 76b inset), which is because of the larger size and 
greater charges of Mg2+ and SO42-, as well as the lower molar concentration of MgSO4 solution. 
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Figure 77 The measured AAS data and molarity of Na+ and Cl- ions in the permeate solutions.  
 
 
Table 9 The NaCl salt permeation rates through Ti3C2Tx membrane under different potentials in 
one cyclic change calculated from the slope of permeation curves at each 30-min cycles in Figure 
2b. 
Time (h) 0 – 0.5 0.5 – 1 1 – 1.5 1.5 – 2 2 – 2.5 2.5 – 3 
Potential (V) 0 0.4 -0.6 0.4 -0.6 0 
Permeation rate 
(mol/m2 h) 
0.122 0.260* 0.003 0.223 0.030 0.068 
* The permeation rate when 0.4 V was applied for the first time was the slope of the permeation 
curve between the time 0.75 – 1 h. 
 
 
Cycling between application of no potential, negative potential, and positive potential was 
repeated four times over 6 hours to check the stability of the voltage controlling effect (Figure 
76d). The hindering effect at negative voltages and accelerating effect at positive voltages was 
maintained throughout the test, though at the end it became less obvious compared to the first 
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cycle. This damping may be due to the residual ions between Ti3C2Tx layers or the surface charge 
residues after cycling, similar to the decreasing deformation of MXene electrodes during 
electrochemical cycles190. For a control test, blank PVDF was used as the separation membrane 
with cyclic voltages applied, and no reversible changes on the permeation rate was observed 
(Figure 78). To ensure the Ti3C2Tx electrode was chemically stable and no hydrogen or oxygen 
evolution reaction occurred under the applied voltages, the Ti3C2Tx electrode was tested at a range 
covering the applied voltages using a three-electrode Swagelok setup. The configuration of the 
Swagelok cell was same as that of the voltage control permeation tests, with same batch of 
Ti3C2Tx membranes as working electrode, platinum foil as counter electrode, Ag/AgCl in 1 M 
KCl as reference electrode. NaCl, MgSO4 or methylene blue solutions with the same 
concentration of the used permeation feed solutions, was used as the electrolyte. In Figure 79, the 
CV profiles showed that there were no obvious reaction peaks in the voltage range of -0.6 to 0.4 
V.  
 
 
Figure 78 The ionic conductivities of the permeation side of the U-tube cell showing the ions 
permeation through the blank PVDF membrane and Ti3C2Tx membrane supported on PVDF. 
135 
 
 
 
 
Figure 79 The CV profiles of Ti3C2Tx membranes in salt solutions, showing the currents in 
certain voltage range.  
 
 
In order to study the effect of the lateral size of 2D MXene flakes, we fabricated a similar 
thickness membrane from smaller-flake Ti3C2Tx and compared its permeation rate with the 
larger-flake MXene membrane, shown in Figure 76c. The smaller-flake MXene membrane 
demonstrated similar voltage control effects on ion permeation as the larger-flake MXene 
membrane, but the magnitude of the permeation rates was higher for the smaller-flake MXene 
membrane. Similar phenomenon was previously observed for graphene oxide membranes with 
different flake sizes80. The higher permeation rates of the membrane with smaller flakes were 
attributed to the shortened diffusion pathways around the smaller flakes. In MXene membranes, 
ions and water molecules are transported along a zig-zag pathway around the orderly stacked 
Ti3C2Tx flakes. Larger Ti3C2Tx flakes reduce the number of flakes and openings between flakes in 
a given membrane, resulting in longer and more tortuous transport pathways for ions and thus 
slower permeation. Because of the larger- flake Ti3C2Tx membranes are more mechanically stable 
and electrical conductive and have slower permeation compared to smaller-flake membranes, we 
focus on the former for the rest of this study.  
136 
 
Cation intercalation is a common behavior for layered Ti3C2Tx structure with or without voltage39, 
55, and it causes changes in its interlayer spacing95, 187. We used XRD to observe the changes of 
interlayer spacing because of ion intercalation. To do so, we stopped the test at three different 
voltages of 0, 0.4, and -0.6 V after permeation with NaCl solution, dried the membranes, and 
performed XRD on each membrane film. The XRD patterns of these membranes are compared 
with the as-synthesized Ti3C2Tx membranes (bottom pattern) in Figure 80. The c-LP can be 
calculated from the position of the (000l) peaks of Ti3C2Tx according to the Bragg’s law, which 
correspond to the thickness of two Ti3C2Tx layers plus two effective interlayer spacing42. Because 
the (0002) peak is usually has the highest intensity, it is used to measure the c-LPs of MXenes43. 
As shown in Figure 80, the as-synthesized Ti3C2Tx membrane had the smallest c-LP at 24.9 Å. At 
0 V (second pattern from the bottom in Figure 3), the c-LP show an increased to 29.2 Å, possibly 
due to Na+ ions intercalation and permeation through the membrane. When 0.4V positive voltage 
was applied, the c-LP was further increased to 30.6 Å, possibly due to the repulsion of Na+ and 
positive MXene surfaces. When the applied voltage switched to negative at -0.6 V, the c-LP 
returned to 25.8 Å (top pattern, Figure 80), close to its original value. This indicated an efficient 
rejection of the intercalation and permeation of Na+ ions through the MXene membrane at 
negative voltages.  
It is shown that cations preferably intercalate into MXene layers compared to anions and have the 
largest influence on the interlayer spacing55. The changes in MXene interlayer spacing in the 
membranes were affected by both the size of inserted cations and electrostatic interaction 
between cations and Ti3C2Tx layers. The insertion of cations expands the MXene interlayer 
spacing, while the electrostatic attraction between cations and negatively charged MXene causes 
contraction95, 172. The smallest increase of interlayer spacing under negative voltage agrees well 
with the contraction due to electrostatic attraction, and the resulting constrained and limited 
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nanochannels are the reason for hindered salt permeation. On the contrary, under positive voltage, 
the cations were repelled from positively charged Ti3C2Tx surfaces, leading to the largest 
interlayer expansion and increased permeation rate compared to the situations under neutral and 
negative voltages. It’s worth to mention that the opposite deformation of MXene layers under 
voltages was observed in ionic liquid, with interlayer expansion under negative voltages, and 
contraction happening under positive voltages190, 191. Compared to metal ions, the ions of ionic 
liquid have larger radius, and the radius/charge ratio is much larger. The expansion due to size 
occupation is much stronger than electrostatic contraction. When applying negative voltages, 
more cations of ionic liquid intercalated and caused expansion; while under positive voltages, the 
contraction can be caused by deintercalation of cations or attraction between positive MXene and 
anions. 
 
Figure 80 The X-ray diffraction patterns of Ti3C2Tx membranes (as-synthesized and permeated 
with NaCl salts at 0, 0.4, and -0.6 V). In all cases, the c-LPs is noted and corresponds to the 
interlayer spacings of Ti3C2Tx layers under different conditions. 
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5.2.2 Rejection of dye molecules 
To check the Ti3C2Tx membranes’ separation behavior with water flow under vacuum pressure, a 
dead-end filtration setup was used to measure the rejection rates of solutions (Figure 27). A 
Ti3C2Tx membrane (large flakes) with a thickness of 1.5 µm was placed on an alumina supporting 
membrane base between the feed and permeation parts. The solution was transported through the 
membrane at a vacuum pressure of 1 bar. Inorganic salt solution and MB dye solution (10 ppm) 
were used as the influent. The rejection of inorganic salt was low as 10 to 20 %, which may be 
due to the small size of ions, fast water flow, and swelled interlayer spacing of Ti3C2Tx. To 
measure the rejection of MB, the concentrations of influent and effluent MB were measured by 
UV-vis spectroscopy, as shown in Figure 81. By comparing the absorbance at peak of MB 
solutions, the rejection rates to MB through Ti3C2Tx membranes were calculated and shown in 
Table 10. To check the required thickness for the membrane, we fabricated Ti3C2Tx membranes as 
thin as 100 nm, which showed a similar rejection rate as the 1.5-µm-thick membrane of of ~ 98.0 % 
and notably, a much higher water flux. This implied that the effective Ti3C2Tx film membranes 
can be pin-hole-free and as thin as 100 nm, possibly due to the highly ordered stacked of Ti3C2Tx 
flakes as shown earlier in Figure 75a.  
Besides pure Ti3C2Tx membranes, Ti3C2Tx/ PVA (10 wt%) membranes were also fabricated and 
tested since the superior mechanical stability90 of such membranes allows for extended cycling. 
At 97.2± 0.8% rejection rate, the Ti3C2Tx-PVA membranes demonstrated rejection rates almost as 
high as the pure Ti3C2Tx (98.0± 0.9 %). It is worth noting that though mechanically stable under 
testing conditions, pure Ti3C2Tx membranes could not be retested after drying, while the 
Ti3C2Tx/PVA membranes could be reused several times without obvious performance degradation. 
Voltages were applied on the Ti3C2Tx/PVA membranes to tune the permeation rate. The filtration 
set-up for these experiments is shown in Figure 27: an annular Ti foil on the top worked as 
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counter electrode, a rubber layer worked as an insulter in the middle, and the Ti3C2Tx membrane 
as working electrode was attached to current collector (Ti foil). Under external voltages, 
Ti3C2Tx/PVA membranes’ rejection was further enhanced to 99.6± 0.3 % by applying a negative 
voltage of -0.5 V, and the rejection was depressed to 92.5± 1.1 % under a positive voltage of 0.1 
V. The electrostatic manipulation of dye molecules permeation was due to the deformation of 
MXene nanochannels under potentials as well. 
 
 
Figure 81 The UV-vis curves of feed MB and permeated MB solutions through Ti3C2Tx 
membrane under different conditions.  
 
Table 10 The rejection rates of MB through Ti3C2Tx membranes with different thicknesses under 
different potentials. 
Membrane 
Thickness 
(nm) 
Voltage 
(V) 
Rejection 
rate (%) 
Ti3C2Tx  1500 0  98.0± 0.9 
Ti3C2Tx   100 0  97.9± 1.0 
Ti3C2Tx 
/PVA 
 1500 0  97.2± 0.8 
 1500 -0.5  99.6± 0.3 
 1500 0.1  92.5± 1.1 
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This section first investigated the electrical controlled permeation through 2D Ti3C2T MXene 
membranes and showed that the permeation can be inhibited or enhanced as needed by simply 
changing the applied potential. Note that Ti3C2Tx membranes have another advantage as 
separation membranes, which is their anti-fouling potential. Ti3C2Tx have shown bactericidal 
properties against Gram (−) E. coli and Gram (+) B. subtilis bacteria192. In addition, Vecitis’ 
group showed that positive voltage on carbon nanotubes membranes reduced the number 
of bacteria and viruses in the permeate to below the detection limit193. Similar behavior is 
expected for MXene membranes that exerting voltage can enhance bacterial removal, and is yet 
to be explored.  
Further, this report establishes a new area of research for MXene membranes. Although 
electrically controlled ion permeation is promising due to the advantages of lower energy and 
pretreatment demand, it faces several key challenges, including the scalability of the technology 
to a commercially viable level and low salt rejection rates so far. Since MXenes are a large family 
of 2D materials with different flakes thicknesses and variable interlayer spacings, several 
parameters are to be investigated to improve control on ion permeation and improve salt rejection 
rates. For example, the rejection of salts can be increased by limiting the swelling of 
nanochannels from water flow, via physically confining the membrane194 or introducing chemical 
bonding between MXene layers. Moreover, the onset potential value at which control of 
permeation is achieved must be determined to obtain permeation control with lowest energy 
consumption. 
In conclusions, this section showed effective control on the permeation of inorganic ions (NaCl or 
MgSO4) through Ti3C2Tx membranes by applying an electrical potential. Positive voltage 
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accelerated the ion permeation, while negative voltage decelerated the permeation through 
MXene membranes. With water flow under vacuum pressure, Ti3C2Tx membranes as thin as 100 
nm showed high rejection over 97.9± 1.0 % to MB dye solution, and external voltages increased 
/decreased the rejection based on the charges. This unique behavior of the Ti3C2Tx MXene 
membranes opens tremendous opportunities in controlled ion selectivity, desalination and 
chemical separations. 
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CHAPTER 6: GENERAL CONCLUSIONS AND FUTURE WORK 
 
 
Pure and multi-functional MXene Ti3C2Tx films were manufactured with attractive physical, 
mechanical and electrochemical properties. Both pristine Ti3C2Tx and Ti3C2Tx-based composite 
films showed high electrical conductivities, controlled thicknesses and excellent flexibility. 
Mechanical strength of the pristine Ti3C2Tx films is comparable to GO films, and compositing 
with PVA improved it by 4 times.  
As for interactions with ions, MXene papers can be intercalated with a variety of cations of 
various charges and sizes from aqueous solutions. The pristine MXene films showed notable 
intercalation capacitances, and volumetric capacitance of up to 350 F/cm3 was observed in basic 
electrolyte KOH.  
The MXene/PVA composite films exhibited improved volumetric capacitance in KOH of values 
as high as 528 F/cm3 at 2 mV/s and 306 F/cm3 at 100 mV/s. Besides, MXenes were composited 
with CNTs via a simple, alternating filtration, method to achieve the sandwich-like assembly. 
When the MXene/CNT papers were employed as electrodes in supercapacitors, the sandwich-like 
structure exhibited significantly higher volumetric capacitances and excellent rate performances 
compared to pristine MXene and randomly mixed MXene/CNT papers. A high volumetric 
capacitance of 280 F/cm3 was measured for the sandwich-like MXene/SWCNT papers at a scan 
rate of 200 mV/s in MgSO4, compared to 162 F/cm3 for pristine Ti3C2Tx. Furthermore, the 
strategy was applied for 0D OLCs and 2D rGO, leading to the formation of sandwich-like 
MXene/OLC and MXene/rGO papers, with the MXene/rGO exhibited 435 F/cm3 at 2 mV/s. 
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Furthermore, the performances were improved by compositing MXene with transition metal 
oxides (TMOs, e.g. Co3O4 and NiCo2O4) or CNTs by self-assembly method. 
Another strategy to improve the MXene films’ structure is introducing pores into MXene flakes 
via a simple and fast chemical etching method. The RT etching process was carried out in 
aqueous solutions of transition metal salts (CuSO4, CoSO4, or FeSO4), and increased the SSA by 
5 times. The p-Ti3C2Tx/CNT films exhibited greatly improved Li-ion storage capabilities 
compared with non-porous Ti3C2Tx/CNT. A high capacity of ≈1250 mAh/g at 0.1 C and 
remarkable capacity retention with 330 mAh/g at 10 C were achieved. This method was applied 
to other MXenes, V2CTx and Nb2CTx, and provides a simple yet effective method to improve 
accessibility of MXenes to electrolytes. 
In case of ion separation applications, Ti3C2Tx membranes demonstrate attractive properties based 
on their permeation selectivity toward cations of various sizes and charges. The hydrophilic 
nature of Ti3C2Tx accompanied by the presence of H2O between the layers promotes ultrafast 
water flux. Besides being non-permeable to cations with hydration radii larger than the interlayer 
spacing, Ti3C2Tx membranes show high selectivity towards multiple-charged metal cations and 
dye cations of different sizes. Ti3C2Tx membranes demonstrate a better performance than GO in 
the separation of higher charge cations. Additionally, the permeation of inorganic salts (NaCl or 
MgSO4) through MXene membranes was effectively controlled by applying an electrical 
potential. Positive voltage accelerated the ion permeation, while negative voltage decelerated the 
permeation through MXene membranes. With water flow under vacuum pressure, Ti3C2Tx 
membranes ~ 100 nm showed high rejection over 97.9± 1.0 % to MB dye. This unique behavior 
of the Ti3C2Tx MXene membranes opens tremendous opportunities in controlled ion selectivity, 
desalination and chemical separations. 
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Future directions 
Based on this work, several directions or unclear questions are to be explored.  
For intercalation mechanism, the effect of ion charge/size ratio on ion intercalation and MXenes’ 
deformation, and the interaction of ions with MXenes’ surface functionalities are to be 
investigated. 
To improve the MXene films’ structure, MXene composites with other polymers are to be 
fabricated. The composites may have stronger bonds between MXene layers, and thus the 
swelling of MXene nanochannels with fast water flow can be inhibited, and the rejection rates of 
metal ions can be increased. Another direction is to remove MXenes’ functional groups and/or 
residual Li+ between MXene layers, to reduce interlayer spacing and increase ion rejection.  
The interlayer spacing of different MXenes (Nb2CTx and V2CTx) differs widely, and the reasons 
are to be explored, which will help to understand the interactions of ions between MXene sheets 
and obtain better MXene separation membranes. Other directions to be studied: dynamics of ions’ 
intercalation between MXene layers, the composition of ions and MXene surface after 
intercalations. 
From a general view focused on applications, MXene films are promising to be used in 
applications as flexible and wearable energy storage devices, structural components, 
radiofrequency (RF) shielding, electrochemical actuators, etc.   
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